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Abstract 
Freshwater habitats are among the most threatened worldwide. For that reason many 
freshwater taxa are suffering dramatic declines and are in risk of extinction. This is the case of 
freshwater bivalves that, due to their sensitivity and sessile way of life, are very susceptible to 
changes or disturbances to their habitats. Research funds and efforts are clearly unbalanced 
in favour of more charismatic groups such as the mammals or Birds. Therefore there is an 
urgent need to increase the knowledge about threatened invertebrate groups and of freshwater 
bivalves in particular. Understanding the main characteristics of these taxa is crucial for 
effective conservation planning and management. It is important to know the main ecological 
and biological requirements of the distinct species, as well as their current distribution and the 
main threats affecting their survival. However, as in many other invertebrates, many of the 
research outputs on this group are often “buried” in grey literature such as technical reports, 
thesis, and articles in poorly known or inaccessible publications, some in distinct languages 
and out of reach to the ordinary researcher. The main aims of this thesis were: to carry a global 
review on the research of freshwater bivalves biology and conservation aspects as a baseline 
for future research, and to gather all of the available knowledge among the most prominent 
authors with a strong expertize in European freshwater mussels (Bivalvia: Unionida) to 
elaborate a document revising all of the key aspects for the conservation of each taxa occurring 
in Europe. Through a comprehensive bibliographical revision and collection of personal and 
unpublished data from more than 50 European experts, the present thesis encompasses two 
works that allowed to discuss aspects of the biology and conservation of freshwater mussels 
and delineate future research priorities for the conservation and knowledge of this faunistic 
group. 
 
Keywords:  Biology, ecology, conservation, freshwater bivalves, Unionoida, invertebrates 
 
 
 
 
 
 
 
 
FCUP 
Perspectives on Current Knowledge and Conservation of Freshwater Mussels (Bivalvia: Unionoida) 
 iii 
Resumo 
Os habitats de água-doce encontram-se entre os mais ameaçados em todo o mundo. Por 
essa razão, muitas espécies de água-doce estão a sofrer declínios dramáticos ou encontram-
se em risco de extinção. Este é também o caso dos bivalves de água-doce que, devido à sua 
elevada sensibilidade e estilo de vida séssil, os tornam muito suscetíveis a alterações ou 
perturbações dos seus habitats. Os esforços e fundos para a investigação e conservação são 
extremamente desequilibrados em favor de grupos mais carismáticos, como os mamíferos ou 
aves. Existe assim uma necessidade urgente para compreender todas as características 
principais dos bivalves de água-doce que nos possibilitem planear e gerir de uma forma mais 
eficaz a sua conservação. É importante conhecer não só as principais exigências ecológicas 
e biológicas das espécies e a sua distribuição atual, bem como as principais ameaças que 
afetam a sua sobrevivência. No entanto, e tal como noutros grupos de invertebrados, muitos 
dos resultados da investigação sobre bivalves de água-doce estão muitas vezes "escondidos" 
em literatura cinzenta tais como relatórios técnicos, teses e artigos em publicações pouco 
conhecidas ou de difícil acesso, algumas em línguas distintas e fora do alcance para o 
investigador comum. Os principais objetivos desta tese foram: em primeiro lugar, concretizar 
uma revisão global sobre a investigação na biologia e conservação de bivalves de água-doce 
como uma linha de base para estudos futuros e, em segundo, reunir todo o conhecimento 
disponível entre os maiores peritos Europeus em mexilhões de água-doce (Bivalvia: Unionida) 
para elaborar um documento de revisão sobre todos os aspetos-chave para a conservação 
de cada espécie presente na Europa. Através de uma revisão bibliográfica abrangente e de 
uma recolha de dados pessoais e inéditos de mais de 50 peritos Europeus, a presente tese 
engloba dois trabalhos que permitiram rever as suas principais características biológicas e 
ecológicas e delinear futuras prioridades de investigação para a conservação e conhecimento 
sobre este grupo faunístico.  
 
Palavras-chave: Biologia, Ecologia, Conservação, Bivalves de água-doce, Unionoida, 
invertebrados 
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Chapter 1: General Introduction 
 
Biodiversity Crisis 
Species extinction, as species formation, is a natural process at the wide geological time scale 
(Jackson & Sax, 2010). Most species differentiate from others in a distinct set of conditions, 
evolve to other species, and eventually will be extinct when conditions change in a highly 
dynamic environmental system such as our planet (Wardle et al., 2011). Under these 
assumptions, it is reasonable to expect that the number of total species is relatively stable 
under normal environmental conditions (Raup, 1994). However, exceptional extinction events 
have occurred such as the Permian–Triassic event at the end of the Permian (251 Ma) that 
wiped out up to 96% of the species, and the Cretaceous-Paleogene event (66 Ma) at the end 
of the Cretaceous where around 75% of the species were extirpated, including all dinosaurs 
and allowing the mammals and birds to emerge as the dominant vertebrate groups. Some 
recent studies suggest that we are currently experiencing a major extinction event over the last 
10,000 years, an event also termed the Holocene extinction (Barnosky et al., 2011). In fact, 
the background extinction rates have increased up to 1,000 times and more than one third of 
the total number of species assessed by the IUCN are threatened with extinction, including 
21% of all known mammals, 30% of amphibians, 70% of plants, and 35% of invertebrates 
(IUCN, 2015). Under this context, many studies suggest that we are presently experiencing a 
biodiversity crisis with unforeseen implications in global ecosystems functioning in all realms, 
including marine, terrestrial and freshwater habitats (Mendenhall et al., 2012). 
      
Conservation of Freshwater Habitats and Taxa  
The preservation and management of freshwaters is highly important because it is vital for 
sustaining life, but is also essential to the functioning of modern society, being a valuable 
resource for economic, cultural, aesthetic, scientific and educational reasons (Dudgeon et al., 
2006). On the other hand, freshwaters are one of the most fragile ecosystems in the world due 
to three main features (Strayer, 2006): i) freshwater habitats are scarce when compared with 
other habitats; ii) all freshwater habitats are isolated by the sea or dry land limiting movements 
and dispersal of freshwater species; and iii) freshwater habitats are generally located downhill 
of its the terrestrial surroundings, which makes them highly susceptible to human activities, 
such as agriculture, industry and urbanization. By these reasons, these habitats are 
experiencing biodiversity declines far greater than those on marine and terrestrial habitats 
(Mota et al., 2014). These biodiversity losses are very high in freshwater molluscs, being by 
far the most threatened group assessed to date in Europe by the International Union for 
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Conservation of Nature (IUCN), with 44% of the species facing extinction (Cuttelod et al., 
2011). This is especially true for freshwater bivalves and in particular those of the Unionida 
order, also known as freshwater mussels, freshwater clams or naiads, which are among the 
most threatened faunistic groups at a global scale (Strayer et al., 2004). 
 
Freshwater Mussels (Bivalvia: Unionida) 
Freshwater mussels are widespread across freshwaters of all continents, except Antarctica, 
and they can be very abundant in some habitats (up to 100 mussels per square meter) (Strayer 
et al., 2004) which, adding to its filter feeding behaviour, make them particularly important in 
the transfer of matter and energy from the water column to the benthos. Additionally, these 
bivalves are important ecosystem engineers not only via the indirect effects of filter feeding 
(i.e., increasing water clarity, which may be responsible for the increase in submerged 
vegetation) but also by bioturbation and consequent changes in the sediments (e.g., oxygen, 
organic matter, redox potential) and the production of shells, which function as a substrate for 
other species (Vaughn & Hakenkamp, 2001). They provide important services to humans, such 
as water purifiers by filter feeding, as important prey for several commercial fishes, as a food 
supply to humans and farm animals, and also as an important source of materials (shells and 
pearls) valuable to people (Haag, 2012). From a biological perspective, they can also be 
extremely interesting since they have long and unique life cycles incorporating both parental 
care (i.e., brooding) and larval parasitism on freshwater fishes (and occasionally other 
vertebrates), and have a particular mitochondrial DNA inheritance mechanism (Double 
Uniparental Inheritance) (Graf & Cummings, 2006).  
 
The history of research and conservation concern of Freshwater Mussels 
In the beginning of the twentieth century the USA government funded a series of studies about 
freshwater mussel biology and conservation, which generated the core knowledge on the 
ecology and physiology of these animals (e.g., Ortmann, 1909; Coker et al., 1921). Soon after, 
with the advent of the two global wars, most biological research was halted, including 
freshwater malacological studies, and therefore not many studies were published during these 
decades addressing the ecology and biology of these mussels. The increase of the concerns 
with the environment in the 1970s and 1980s, and the listing of some freshwater mussel 
species in the main species protection policies in USA and Europe, attracted a lot of attention 
and funds for research in these taxa that increased exponentially since the 1990s. In the USA, 
with the formation of a strong freshwater mollusc conservation society and a strong impulse 
from the main national institutions, research, conservation, and propagation actions, as well 
as, outreach, lobbying and capacity building turned freshwater mussel conservation a case of 
FCUP 
Perspectives on Current Knowledge and Conservation of Freshwater Mussels (Bivalvia: Unionoida) 
12 
success in this country (Haag, 2012). On the other hand, in Europe, research on freshwater 
mussels has increased exponentially over the last decades, but most of this research has been 
published in inaccessible technical reports and grey literature in distinct languages making the 
information availability an issue. Additionally, due to cultural and political reasons, there are 
difficulties to integrate and articulate the gathered knowledge in transnational projects in order 
to promote a holistic view on freshwater mussel conservation across European borders. 
Knowledge about the biology and ecology of these mussels is also highly unbalanced among 
European countries, with some having up-to-date extensive knowledge on many species and 
others where almost nothing is known. Also, the available information and conservation efforts 
are highly uneven according to the distinct taxa and have been broadly focused on three 
species (i.e., Unio crassus, Margaritifera margaritifera, and Margaritifera auricularia). 
Considerably less attention has been paid to the other European unionoids, and this probably 
reflects the assumption that the species are widespread, abundant and recruiting. On the other 
hand, the absence of baseline data makes the quantification of population trends inaccurate, 
and the recent discoveries of new populations of some species can even give the impression 
of population increase (Aldridge, 2004). In recent years, Europe’s freshwater mussels have 
received increasing attention. More rivers and lakes are being surveyed and molecular 
techniques are helping to discern taxonomies and resolve synonymies. Increased international 
collaboration is starting to reveal that all Europe’s freshwater mussels are suffering declines at 
the local and regional level, and that some declines are happening at an alarming rate. 
However, there is a growing recognition that effective conservation measures require 
collaboration and sharing of knowledge between nations. So, due to the difficulties in 
knowledge exchange and availability of many publication types in most countries, there is a 
need to synthesize our collective current knowledge of unionoid biology, ecology and 
conservation across Europe’s freshwater ecosystems.  
 
. 
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Chapter 2: Objectives 
 
The main aims of this thesis were: to provide a global review on the research of freshwater 
bivalves biology and conservation aspects as a baseline for future research, and to elaborate 
a complete and updated synthesis of the knowledge and conservation of European freshwater 
mussels (Bivalvia: Unionida), including to: 
 
i)  summarise and analyse the current status on freshwater bivalve research worldwide; 
ii)  list the presently accepted European Unionida species and discuss their taxonomy; 
iii)  characterise the European Unionida species distribution; 
iv)  describe the European unionoid species biological characteristics, life history traits, 
 functional roles, and habitat preferences; 
v)  assess the European unionoid species conservation status;  
vi)  summarise the major threats and conservation status of European Unionida 
 species; 
vii)  identify the critical knowledge gaps that impair conservation efforts worldwide and 
propose a logical path for future work. 
 
The approach included an extensive bibliographic research and the integration of 
physiological, ecological, conservation, and distribution data collected with the collaboration of 
the most prominent freshwater mussel experts in Europe. 
 
To achieve the proposed aims, two manuscripts for publication in ISI journals were developed. 
In detail, the Manuscript-I entitled “Biology and conservation of freshwater bivalves: past, 
present and future perspectives” addresses aims i and vii, and the Manuscript-II entitled 
“Conservation Status of Freshwater Mussels in Europe: State of the Art and Future 
Challenges” addresses aims ii to vii. 
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Chapter 3: Manuscript-I 
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Abstract 
Freshwater bivalves have been highly threatened by human activities and recently their global 
decline has been causing conservational and social concern. In this paper we review the most 
important research events in freshwater bivalve biology calling attention to the main scientific 
achievements. A great bias exists in the research effort, with much more information available 
for bivalve species belonging to the Unionida in comparison to other groups. The same is true 
for the origin of these studies, since the publishing pattern does not always correspond to the 
hotspots of biodiversity but is concentrated in the northern hemisphere mainly in North 
America, Europe and Russia, with regions such as Africa and Southeast Asia being quite 
understudied. We also summarise information about past, present and future perspectives 
concerning the most important research topics that include taxonomy, systematics, anatomy, 
physiology, ecology and conservation of freshwater bivalves. Finally, we introduce the articles 
published in this Hydrobiologia special issue related with the International Meeting on Biology 
and Conservation of Freshwater Bivalves held in 2012 in Bragança, Portugal. 
 
 
Keywords: biology, conservation, freshwater bivalves, Unionida 
Important events in freshwater bivalve biology and conservation research 
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Bivalves are a very important part of biodiversity playing major roles in freshwater ecosystems 
(Vaughn & Hakenkamp, 2001, Howard & Cuffey, 2006) and their global decline due to a myriad 
of human activities has been causing increasing concern (Lydeard et al., 2004; Strayer et al., 
2004; Régnier et al., 2009).   
 
After an initial period of species description, anatomical characterization and systematics, 
which started with Linnaeus in 1758 and was followed by many other notorious taxonomists 
and malacologists (Lamarck, Retzius, Bourguignat, Lea, Simpson, among many others), the 
biology of freshwater bivalves has been investigated more intensively since the end of the 19th 
century. A few landmark studies highlighting some of the most important events in freshwater 
bivalve biology and conservation are described in Figure 1.1. The elucidation of the host 
relationship with fishes began with van Leeuwenhoek’s description of the Unionidae larvae 
(glochidia) in 1697, and after nearly two centuries of intermittent controversy, culminated in 
several German studies (e.g., Leydig 1866; Forel, 1866; Schierholz, 1889) that described the 
relationship in some detail (revised in Watters, 1994). The end of the 19th and beginning of the 
20th century was also an important period of research since it was the beginning of freshwater 
mussel life history and propagation studies at the Fairport Biological Station on the Mississippi 
River, Fairport, Iowa, United States of America (USA). This was the first concerted, 
government-funded effort focused on the study of mussel ecology and propagation in North 
America and perhaps in the world. Information about host relationships, feeding behaviour, 
habitat requirements, and realization of a long to very long life span and many other aspects 
of mussel ecology generated by the Fairport Biological Station formed the bulk of available 
ecological knowledge until the 1980s. Indeed, the propagation techniques used still form the 
basis of today’s methods. Station personnel incorporated some of the first vocal advocates for 
mussel conservation, which included notable researchers such as Winterton C. Curtis, George 
Lefevre, Robert E. Coker, Thaddeus Surber, Arthur D. Howard and Max M. Ellis, producing a 
vast bibliography (e.g. Lefevre and Curtis, 1910; Coker et al., 1921; Howard, 1921). During the 
same period, Arnold Ortmann began a series of studies on the systematic analysis of anatomy, 
shell morphology, and life history traits within the order Unionida (e.g. Ortmann 1911, 1912, 
1920, 1921). Ortmann was the first to synthesize this information into an evolutionary 
framework; he provided extensive ecological observations about mussels which, together with 
Charles T. Simpson, were instrumental in stabilizing mussel nomenclature (Ortmann, 1912; 
Simpson, 1914). Along with the Fairport Biological Station researchers, Ortmann was one of 
the first biologists to call attention to the rapid decline in freshwater bivalve diversity and 
abundance (see Ortmann, 1909). Latter in the middle of the 20th century, Fritz Haas used a 
combination of reproductive, anatomical and shell morphological characters to produce a 
global synthesis of freshwater mussel (Unionida) systematics, which was used as a key 
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reference until the advent of recent molecular techniques (Haas 1940, 1969). During the 
second half of the 20th century some important publications on the description and anatomy of 
regional faunas were occasionally produced in some parts of the World, e.g. McMichael & 
Hiscock, (1958) in Australia, Van Damme (1984), Mandahl-Bart (1988) and Daget (1998) in 
Africa, Brandt (1974), Liu (1979) and Subba Rao (1989) in Asia, and Parodiz & Bonetto (1963) 
in South America. Despite the early warnings calling attention for extensive declines, the first 
listing of freshwater bivalves under the U.S. Endangered Species Act just appeared in 1976, 
and was followed by the European Bern Convention (1979) and the Habitats Directive (1992). 
The initial listing of mussel species brought the global mussel extinction crisis to the attention 
of the conservation movement and the public at large. Critically, these events provided impetus 
and funding for an explosion in mussel ecology research that began in the late 1970s and 
continues to the present day, mainly in North America. At the same time, the establishment of 
the first modern, long-term academic research programs on mussel ecology by Richard J. 
Neves (Virginia Polytechnic and State University, USA), David L. Strayer (Cary Institute of 
Ecosystem Studies, USA), Gerhard Bauer (University of Bayreuth, Germany), among others, 
produced numerous important publications and trained a great number of graduate students, 
that now lead their own research projects and provided models and support for establishment 
of subsequent research programs.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 1.1. Chronogram of the most important research events (above the year scale) and publications (below the year scale) on 
freshwater bivalves.  
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These scientific projects soon accumulated enough critical expertise, which culminated in 
some modern reviews on mussel biology and ecology such as McMahon (1991), Bauer & 
Wächtler (2001), Strayer (2008) and Haag (2012). The American Malacological Union (now 
Society) had a committee on the Common and Scientific Names of Molluscs that developed a 
list of all mollusc species of North America, including freshwater bivalves (Turgeon et al., 1988, 
1998). This peer reviewed list finally created an up-to-date, reviewed list of freshwater bivalves 
for North America. This standardized list provided stability to the names of freshwater bivalves 
and allowed the increase in research without taxonomic issues. During the 1990s, the first 
comprehensive assessment of the conservation status of North American mussels was 
published (Williams et al., 1993) and a group of concerned people started to discuss the status, 
conservation, and management of freshwater mussels, which resulted in the formation of a 
working group to develop the National Strategy for the Conservation of Native Freshwater 
Mussels in the USA (National Native Mussel Conservation Committee, 1998). The Freshwater 
Mollusk Conservation Society was also formed in 1998, which would lead and push freshwater 
bivalve conservation efforts into the 21st century. At the beginning of the 2000s, a series of 
studies under the direction of Caryn Vaughn started to elucidate the functional role of bivalves 
and their importance to freshwater ecosystems (e.g. Vaughn & Hakenkamp, 2001; Spooner & 
Vaughn, 2006; Vaughn & Spooner, 2006). During the same period, the first comprehensive 
revisions of mussel diversity based on modern phylogenetic methods were published (e.g. Roe 
& Hoeh, 2003; Campbell et al., 2005; Graf, & Cummings, 2007). From the middle of the 2000s, 
the efforts to refine captive propagation methods for mussels resulted in the near-perfection of 
these techniques and the feasibility of their use on a large scale (e.g., Henley et al 2001; 
Barnhart, 2006; Gum et al., 2011). At the present, the exponential growth on freshwater 
bivalves’ research, both in the field of basic biology, ecology and physiology but also on applied 
conservation such as habitats rehabilitation and propagation needs to be integrated and 
available to all ecologists, conservation biologists and freshwater malacologists. This 
integration needs also to include managers, policy makers and other stakeholders to find and 
apply the best measures to conserve these animals and their natural habitats. The Freshwater 
Mollusk Conservation Society has played this role in North America, promoting research and 
awareness but also by organizing periodic meetings and workshops. In other parts of the world, 
research efforts vary and integration and knowledge exchange is needed, mainly in 
undeveloped countries of the Southern Hemisphere. Trying to fulfil this gap, a group of 
researchers planned and organized the first International Meeting on the Biology and 
Conservation of Freshwater Bivalves on 2012 (see below for further details). 
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Fig. 1.2. Cumulative number of ISI Web of Science publications on freshwater bivalves by different taxonomic groups until 
December 31, 2012. The employed search terms correspond to all of the valid Freshwater Bivalve genera names + synonyms 
following Graf & Cummings (2013). 
 
Freshwater bivalves research efforts with emphasis on Unionida bivalves  
Currently, six orders of bivalves are represented in freshwater ecosystems: Arcida Gray, 1854, 
Cardiida Férussac, 1822, Mytilida Férussac, 1822, Pholadida Gray, 1854, Solenida Dall, 1889 
and Unionida Gray, 1854 (Bogan, 2008; Graf, 2013). However, only the Unionida and Cardiida 
had extensive radiations, the first with six modern families in about 800 species and the latest 
with two big families: Sphaeriidae (≈220 spp.) and Cyrenidae (=Corbiculidae) (≈90 spp.). The 
remaining five Cardiida families, together with the remaining orders, have only a few species 
each (Bogan, 2008; Graf, 2013).  
Since the beginning of the 19th century research efforts have been more focused in the larger 
and conspicuous Unionida, followed on a smaller scale by the also widespread Sphaeriidae 
family (Fig. 1.2). This trend has changed recently due to the proliferation of studies with 
invasive bivalves such as Corbicula fluminea, Dreissena polymorpha and Dreissena bugensis 
(Fig. 1.2). 
Due to the high conservation value and threatened status of most Unionida mussels and the 
fact that invasive bivalves are thoroughly revised within the present Hydrobiologia special issue 
(Sousa et al., 2014) most of the present paper will focus on the Unionida.  
Mussels from the Unionida order are present in all continents, except Antarctica, with two major 
diversity hotspots recognized in Southeast North America and Southeast Asia (Fig. 1.3a) (Graf 
& Cummings, 2007; Bogan, 2008). As expected, and pointed out before for other organisms 
(e.g. Harris & Froufe, 2005), the publishing pattern on Unionida mussels research does not 
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always correspond to the hotspots of biodiversity but is concentrated in the northern 
hemisphere, mainly in North America, Europe and Russia (Fig 1.3b.). Regions like Africa and 
Southeast Asia remain quite unstudied. However, we should take in account that our 
assessments are just based on the ISI published papers, which may introduce some bias since 
ISI does not take into account grey literature. 
 
Fig. 1.3a. Global biodiversity of the Unionida (adapted from Cummings & Graf, 2005). 
 
 
 
 
Fig. 1.3b. Global distribution based on ISI Web of Science publications on freshwater bivalves by different taxonomic groups until 
December 31, 2012. The employed search terms correspond to all of the valid Freshwater Bivalve genera names + synonyms 
following Graf & Cummings (2013). 
 
The main research topic studied until the middle of the 20th century was taxonomy (Fig. 1.4). 
It started at the middle of the 18th century with the publication of Linnaeus Systema Naturae in 
1758, where some freshwater bivalves were classified with some marine species under the 
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genus Mya. Following works, mainly performed by European and North American 
malacologists, addressed the taxonomy and systematics of this diverse faunal group based on 
conchological, anatomical and physiological characteristics. After the 1900s very few 
anatomical and physiological studies have been carried until the 70s - 80s. After this period, 
an increasing interest on this group resurged, mainly related to the first listing of freshwater 
mussels under the U.S. Endangered Species Act, which brought the global mussel extinction 
crisis to the attention of the scientific community (mainly in North America) and also to 
environmental managers and policy makers (Stansbery, 1970; Bogan, 1993; Williams et al., 
1993). This critical situation in addition to the publication of the standardized peer reviewed 
freshwater mussel list (Turgeon et al., 1988) provided impetus and funding for an explosion in 
mussel research, mainly in conservation and ecology but also in physiology and toxicology 
that continues to the present day. In Europe, the Habitats Directive published in 1992 also 
promoted research on some freshwater bivalve species, which were included as important 
conservation targets (e.g., Margaritifera margaritifera and Unio crassus). In addition, over the 
last three decades, modern molecular techniques have been increasingly used for several 
distinct research studies but mainly related with taxonomy, phylogeny and phylogeography. 
 
 
Fig. 1.4. Cumulative number of ISI Web of Science publications on Unionida bivalves by different research areas. The employed 
search terms correspond to all of the valid Freshwater Bivalve genera names + synonyms following Graf & Cummings (2013). 
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Past, present and future perspectives 
Taxonomy and Systematics - Soon after the publication of Systema Naturae (Linnaeus, 1758), 
several researchers started to delineate and revise the freshwater species into separate 
genus, and in 1817, Thomas Say wrote the first paper on North American freshwater bivalves 
by an American author. This was quickly followed by the descriptive works by Rafinesque 
(1820, 1831).  These works were soon followed by the first global synopsis on Unionida (Lea, 
1836, 1838, 1852 and 1870), being this information upgraded by Simpson (1900, 1914). The 
taxonomic work continued to advance with hundreds of publications but no large 
comprehensive treatment occurred until Fritz Haas major monograph on the classification of 
the world’s unionacea was completed in 1969 (Haas, 1969). Until the 1970s the taxonomy of 
freshwater bivalves was based on discrete anatomical and physiological characters. In 1970 
a paper combined reproductive and morphological characters in an attempt to reflect the first 
phylogenetic relationships among Unionida bivalves (Heard & Guckert, 1970). Since then, the 
molecular biology techniques became increasingly used on taxonomy, systematics and 
phylogeny. Up to now, several different techniques have been used since the 1970s from 
allozymes, Restriction Fragment Length Polymorphism (RFLP) and Amplified Fragment 
Length Polymorphism (AFLP) to classical Sanger sequencing and microsatellite markers and 
more recently to the high outputs resulting from the new generation sequencing techniques. 
The rapid development of molecular techniques is also reflected in the publication record from 
the last 40 years. It started in the 1970s and 1980s with around 12 studies using allozyme 
profiling. The number of papers increased to about 30 in the 1990s, where this technique 
started to be replaced by sequencing, mainly using mtDNA markers. From the 2000s up to 
2012, microsatellite markers were introduced to the study of freshwater bivalves and the total 
number of studies rise to about 140, where sequencing techniques clearly dominate with 
almost half, followed by microsatellite with almost a quarter. Although taxonomy, phylogeny, 
genetic diversity and phylogeography have been the main studied areas using these 
techniques, they have also been applied to other fields such as protein characterization 
(proteomics) and toxicology with great success. Additionally, due to a particular form of 
mitochondrial DNA inheritance called double uniparental inheritance (DUI) present in bivalves, 
since the description of this mtDNA feature in Unionida mussels (Hoeh et al., 1996; Breton et 
al. 2007) around 15 papers have addressed this topic in freshwater bivalves. It is also worthy 
to mention that although no entire genome has been sequenced to date, 26 mitochondrial 
genomes (5 male and 21 female) are already sequenced, which may be used in more accurate 
assessments on the genetic diversity patterns of freshwater bivalve species. Next generation 
sequencing has also recently began to be used for both the development of new markers 
(O’Bryhim et al., 2012; Froufe et al., 2013) and the sequencing of massive genetic resources 
(e.g. Wang et al., 2012) with multiple applications (e.g. ancient DNA sequencing, proteomics 
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including protein identification and entire genome phylogenies). Although genetics have been 
exponentially used since the 1970s, aiding in the taxonomy, identification of the phylogenetic 
relationships as well as the phylogeographical and genetic diversity patterns in many species, 
more research is still needed. For instance, many taxonomical problems still remain, mainly 
due to the high plasticity of shell morphology, which may impair an accurate identification, but 
also because many species have not been studied using genetic techniques. Additionally, the 
genetic diversity patterns as well as the phylogeography of most freshwater bivalve species, 
with some exceptions in North America and Europe (e.g. Machordom et al., 2003; Zanatta et 
al., 2013), are quite unknown. Furthermore, and although some good baseline phylogenetical 
studies have already been produced including molecular, anatomical and physiological data 
(Lee & Ó’Foighil, 2003; Gelembiuk et al., 2006; Graf & Cummings, 2007; Bogan & Roe 2008; 
Graf, 2013), the high order phylogeny is still uncertain. The phylogeny within most families also 
needs further research, not only in the poorly known groups such as the Sphaeriidae, the 
Iridinidae in Africa and Hyriidae and Mulleriidae (= Mycetopodidae) in Australia and South 
America but also the Northern Hemisphere Unionida families, where many relationships 
remain unresolved.  
 
Anatomy and Physiology - The basic anatomy of freshwater bivalves was established in the 
late 19th and early 20th century, but only very few studies have been carried along the 20th and 
21st centuries (Bogan & Roe, 2008). On the other hand, while the study of physiological 
functions has been neglected over the first half of the last century, since the 1950s an 
increasing number of studies have been published. However, most of physiological studies 
using freshwater bivalves did not have these species as a specific target but were more 
directed to the study of the biological processes per se. In fact, the large size and high density 
of some species has turned these animals very interesting as model organisms and several 
research groups, mainly in Europe and North America, used them to study a myriad of topics 
including cell thermal resistance, nervous cell structure, cell ciliary movements as well as 
complex biochemical mechanisms such as the adenylate cyclase system, sperm-egg 
connection and biomineralization processes. Of the small number of physiological studies 
directed to the bivalves themselves, a few sub-areas have received the main attention such as 
the basic aspects of the reproductive cycle, respiration, energy allocation, acid-base and ionic 
regulation as well as growth mechanisms. Nevertheless, most of the fundamental biochemical 
processes behind those metabolic functions are still poorly understood. Additionally, most of 
the published papers on the 19th and 20th centuries were generally carried out in a restricted 
number of species being the most frequently used Anodonta cygnea and Anodonta anatina in 
Europe, Elliptio complanata and Pyganodon grandis in North America, and Lammelidens 
marginalis and Sinanodonta woodiana in Asia. Since the 1970s and 1980s due to conservation 
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purposes, this focus has shifted for a few endangered and protected species such as 
Margaritifera margaritifera and Unio crassus. Another applied use of freshwater bivalves is on 
toxicological studies. In fact, on the last decades, freshwater bivalves have been used in 
several ecotoxicological applications. Until recently, the smaller Cyrenidae (=Corbiculidae), 
Dreissenidae and Sphaeriidae, have mainly been used as preferred ecotoxicological research 
organisms supporting the major part of basic research on bioaccumulation, toxicokinetics, and 
toxicity publications. On the other hand, due to the recent global decline and worldwide focus 
on Unionida mussels, this order has recently become a major study target in the field of 
ecotoxicology (for a recent review see Farris & Van Hassel, 2010), mainly using the highly 
sensitive larvae (glochidia). Once again, most of the research does not deal with the effects 
on the mussel per se but is more directed to the use of these organisms as bioindicators. In 
summary, several physiological functions remain quite unknown in freshwater bivalves, such 
as the immunological system, the neuroendocrine system, ionic regulation and detoxification 
mechanisms. Even simple things such as maximum age, growth and age of maturity are 
unknown for most species and for unionids we still almost ignore how the glochidia elude the 
fish immunological system and how the larvae are able to encyst in specific hosts. These basic 
aspects should be addressed in future studies. 
 
Ecology and Conservation - The number of scientific studies dealing with ecology and 
conservation of freshwater bivalves increased substantially in the last 3 decades and follow 
the same pattern described for other research topics (Fig. 1.4). Many of these studies are 
related with classical ecology describing the importance of abiotic factors (e.g. temperature, 
altitude, current velocity, nutrients) and/or biotic interactions (e.g. predation, competition, 
parasitism and disease) determining the spatial distribution or population structure of 
freshwater bivalves. However, the number of studies exploring the importance of these biotic 
interactions is much smaller being the exception the already considerable knowledge acquired 
regarding the fundamental role of fish hosts on the life cycle of Unionida bivalves. Indeed, the 
very unusual life cycle of freshwater mussels further complicates a full understanding of their 
ecology but on the other hand makes them particularly amenable for studies addressing 
behaviour and evolution, being this issue a very interesting line of future research (Douda et 
al., 2013). In relation to conservation, the most part of studies explore the main threats (e.g. 
loss and fragmentation of habitat, changes in river flow, pollution, overexploitation, introduction 
of non-native species and climate change) that are affecting this group of organisms and in the 
last decade a growing number of studies have been also exploring new methods to increase 
our management ability (e.g. considerable insights have been gained about efficient 
propagation methods in Unionida mussels) to conserve these species. Nevertheless, almost 
all the studies concerning the conservation of freshwater bivalves have been devoted to the 
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Unionida and almost nothing is known about the Sphaeriidae even if these species have been 
also facing considerable declines in the last decades (Sousa et al., 2008, 2011a). Despite the 
growing number of studies, many gaps still persist about fundamental aspects such as density, 
biomass, growth and secondary production, the main factors (dispersal, habitat, food, enemies 
and hosts) determining the spatial distribution of freshwater bivalves and about quantitative 
studies exploring the main threats responsible for substantial declines (for a review on these 
factors see Strayer, 2008). Also important is the almost non-existence of data exploring the 
main factors determining temporal heterogeneity, which may obscure many ecological 
interpretations. This temporal information can be particular important because of the long life 
cycle and the long history of human threats to some of these species, which can be responsible 
for a considerable extinction debt in freshwater bivalves (Haag, 2012). In the same vein, given 
the long life cycle of many species it is expected that recovery takes decades even if 
appropriate management actions are applied today.  
Considering that substantial gaps in knowledge still persists at the population level it is not 
strange that studies exploring changes at the community and ecosystem levels mediated by 
freshwater bivalves are rare. Even so, freshwater bivalves are usually described as important 
consumers and preys in freshwater ecosystems and may represent an important energetic link 
between the water column and the benthos. This importance may be high, particularly in areas 
where these species attain a great density and biomass. Recently, and recognizing that 
freshwater bivalve populations have declined dramatically around the world (but data still 
scarce in South America, Africa and Asia), scientists are becoming more aware about the 
possible ecological implications of these declines. Therefore, future studies should also focus 
on possible changes in important functions and services mediated by freshwater bivalves. 
Theoretically, important alterations may include changes in phytoplankton, primary and 
secondary production, nutrient cycling, organic matter dynamics, benthic diversity and energy 
transfer between aquatic and adjacent riparian ecosystems. However, most of these changes 
remain speculative and illusive with very few quantitative studies. Anyway, recently, Caryn 
Vaughn and collaborators were able to show in a variety of empirical experiments in mesocosm 
or natural conditions that Unionida mussels: i) can influence ecosystem processes and 
functions by modifying the nutrients dynamics that limit primary productivity and dense 
aggregations of these bivalve species may act as biogeochemical hotspots that influence the 
standing crops and composition of algal species (Vaughn et al., 2007; Spooner & Vaughn, 
2008; Atkinson et al., 2013); ii) can increase abundances of grazing aquatic insect larvae 
(Spooner & Vaughn; 2006, Vaughn & Spooner, 2006; Spooner et al., 2012); and iii) can 
increase the flux of aquatic insect subsidies to terrestrial predators and in this way can link 
aquatic and adjacent riparian ecosystems (Allen et al., 2012). This last aspect has been also 
the focus of some studies in Europe that explore the functional importance of massive 
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mortalities of freshwater bivalves during extreme climatic events (droughts and floods) and 
how the large accumulation of this biomass near the banks may be an important subsidy from 
aquatic to adjacent terrestrial ecosystems (Sousa et al., 2012; Bódis et al., in press). Finally, 
a small number of studies also explored the importance of these species as ecosystem 
engineers. The physical changes mediated by freshwater bivalves, which include filtration, 
bioturbation and availability of live and empty shells may have extraordinary effects, mainly 
when we have dense aggregations (Gutiérrez et al., 2003, Sousa et al., 2009).  
Not surprisingly, and given the overall described assimilatory and non-assimilatory effects, 
some authors consider that freshwater bivalves may be classified as keystone species in some 
habitats due to their disproportional large impacts on ecosystem structure and function (Geist, 
2010). Interestingly, and although some studies showed an incredible decline of these species 
and their consequences in ecosystem functioning, in the last years some of these same 
systems have been invaded by several bivalve species. Indeed, a great number of studies 
using freshwater bivalves address the ecological and economic aspects related with the 
introduction of several non-native invasive species from the Cyrenidae (=Corbiculidae) and 
Dreissenidae families (Fig. 1.2). In terms of biodiversity and ecosystem functioning theory will 
be important not only address possible changes in ecosystems due to loss of species but also 
include studies where the number of species increased due to introductions and how this 
translate in possible changes in ecosystem functioning (Sousa et al., 2011b; Strayer, 2012). A 
more comprehensive understanding in aquatic ecosystem processes and functions resulting 
from this biodiversity loss (via native bivalve extinctions) or gain (via invasive bivalve 
introductions) is just in the beginning but promising results are becoming available and this 
taxonomic group is highly suitable for field and laboratory manipulations and so serving as an 
interesting model to assess these functional changes. 
 
International Meeting on Biology and Conservation of Freshwater Bivalves 
The International Meeting on Biology and Conservation of Freshwater Bivalves was organized 
by the School of Agriculture of the Polytechnic Institute of Bragança, Portugal, in September 
2012. This meeting was the first event held in Europe on this topic and was attended by 113 
experts from 22 different countries. This meeting was an attempt, through a cycle of 
presentations, debates and field trips, to create a network of knowledge with the final goal of 
developing collaborative projects and discuss potential global directives for the protection and 
conservation of this important faunistic group. A first result of this meeting is the publication of 
this special issue in Hydrobiologia, which includes a total of 20 papers (including this 
introductory note). Of these 20 papers, three address general conservational aspects about 
freshwater bivalves in South America (Pereira et al., 2014), North America (Haag & Williams, 
2014) and Australasia (Walker et al., 2014). One paper presents the molecular phylogeny of 
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the Unio genus in France (Prié & Puillandre, 2014). Three papers assess the distribution of 
freshwater mussels and their implication for conservation at a large (Prié et al., 2014) and small 
(Denic et al., 2014; Zieritz et al., 2014) spatial scales and another one modelled the importance 
of hydraulic parameters in the distribution of the invasive species Dreissena polymorpha 
(Sanz-Ronda et al., 2014). Several papers (six in total) used as a model organism the 
freshwater pearl mussel M. margaritifera and address aspects such as distribution and 
conservation status of this species in Russia (Makhrov et al., 2014; Popov & Ostrovsky, 2014), 
host-dependent genetic variation (Karlsson et al., 2014), the physiological response of juvenile 
brown trout (Salmo trutta) to encystment by the parasitic larvae (Thomas et al., 2014), captive 
breeding techniques (Scheder et al., 2014) and the impact of land use on M. margaritifera and 
its host fish S. trutta (Österling & Högberg, 2014); all these works may have considerable 
importance for the conservation of this species and generate important information that can be 
used in the implementation of management measures. One paper assesses the potential use 
of U. pictorum and U. tumidus as model organisms for genotoxicity monitoring in freshwater 
environments (Vuković-Gačić et al., 2014). Three papers describe possible effects of invasive 
bivalves being one a review discussing impacts from the individual to the ecosystem level and 
advance with some possible control strategies (Sousa et al., 2014), other quantify the density 
and biomass of massive mortalities of invasive bivalve species after extreme climatic events 
and how this can result in a trophic subsidy to adjacent terrestrial ecosystems (Bódis et al., 
2014) and a third paper assess the consumption of food sources and the potential competition 
between native (Diplodon parallelopipedon) and non-native (Corbicula fluminea) species 
(Marroni et al., 2014). Finally, one paper by Strayer (2014) analyses how nutrient cycles and 
freshwater mussels affect one another. 
Although many gaps still exist about the biology of freshwater bivalves, information will be 
always our best ally to conserve these fascinating creatures and we hope that the studies 
contained in this special issue increase our ability to found new ways to protect these species 
from extinction and restore their habitat.  
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Abstract 
Freshwater bivalves of the Superfamily Unionoidea provide important ecosystem functions and 
services, yet many of their populations are in decline. Here, we comprehensively review the 
status of the sixteen currently recognized species in Europe, collating for the first time their life 
history traits, distribution, conservation status, habitat preferences, and main threats in order 
to suggest future management actions. In northern, central, and eastern Europe, a relatively 
homogeneous species composition is found in most basins. In southern Europe, despite the 
lower species richness per basin, distinct and spatially restricted species occur which make 
them a high conservation priority. Information on the current status and habitat requirements 
of unionoids in Europe is unevenly distributed with considerable differences in data quality and 
quantity across countries and between species. In order to make conservation more effective 
in the future, we suggest a more standardized approach, with higher international cooperation 
using similar protocols and methods, to monitor and manage European freshwater bivalve 
diversity. Such an approach will not only help conserve this vulnerable group but also, through 
the protection of these important ecosystem engineers, will offer wider benefits to freshwater 
ecosystems. 
 
Keywords: biology; conservation; ecology; Europe; freshwater bivalves; naiads; 
Margaritiferidae; Unionidae 
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I. INTRODUCTION 
 
Freshwater bivalves of the Superfamily Unionoidea Rafinesque 1820, also known as 
freshwater mussels, freshwater clams or naiads, are remarkably interesting under a biological 
point of view (Lopes-Lima et al., 2014a). They exhibit long and unique life cycles adapted to 
life in running or stagnant water, incorporating both parental care (i.e., brooding) and larval 
parasitism on freshwater fishes (and occasionally other vertebrates). They are also holders of 
an unusual mitochondrial DNA inheritance mechanism (Double Uniparental Inheritance) in 
which males have mitochondria inherited by both the maternal and paternal ancestors (Graf & 
Cummings, 2007). These organisms are also important components of aquatic ecosystems 
(Vaughn & Hakenkamp, 2001). Freshwater mussels can comprise >90% of the benthic 
biomass of rivers (Negus, 1966) and an individual mussel can filter 40 L of water each day 
(Tankersley & Dimock, 1993). The combined filtration of a population of unionoids can account 
for approximately 50% of the observed seston retention in a river during the summer (Pusch, 
Siefert & Walz, 2001) and their transfer of matter and energy from the water column to the 
benthos may have strong effects on primary and secondary production, biogeochemical 
cycles, sedimentation rates, and water clarity (Strayer et al., 1999). In addition, their shells 
function as an important substrate for many other organisms (Vaughn & Hakenkamp, 2001; 
Spooner et al., 2013). The direct and indirect effects that unionoids have on freshwaters means 
that they are often described as ecosystem engineers (Gutierrez et al., 2003). Indeed, their 
key role in ecosystems is exemplified by the higher diversity of associated macroinvertebrates 
at sites which carry higher densities of mussels (Aldridge, Fayle & Jackson, 2007). Freshwater 
mussels also provide important direct services to humans, such as water purification, serving 
as an important prey for several commercial fishes, providing  a direct source of protein, and 
also representing  an important source of valuable materials (shells and pearls) (Haag, 2012). 
Given their considerable importance within aquatic ecosystems, the cascading consequences 
of unionoid declines can be considerable.  
 The global decline of the world’s freshwater mussels is widely recognised, with 224 of 
the 511 (44%) species being assessed in the Near Threatened and Threatened categories of 
the 2014 IUCN Red List of Threatened Species. Much of the global awareness of freshwater 
mussel declines stems from the North American unionoids, which constitute the continent’s 
most imperilled fauna (Williams et al., 1993; Strayer et al., 2004). It is estimated that 60% of 
the nearly 300 unionoid species in North America are endangered or threatened (Ricciardi, 
Neves & Rasmunssen, 1998) and that in the United States alone, 37 species are presumed 
extinct (Lydeard et al., 2004). 
 In Europe, the decline of some mussel species has also attracted considerable 
attention. Conservation has broadly focused on Unio crassus Philipsson 1788 and the pearl 
FCUP 
Perspectives on Current Knowledge and Conservation of Freshwater Mussels (Bivalvia: Unionoida) 
36 
mussels Margaritifera margaritifera (Linnaeus 1758) and Margaritifera auricularia (Spengler 
1793), where some populations have disappeared within living memory and others have been 
reduced to small, localised, non-recruiting populations (e.g., Araujo & Ramos, 2001). 
Considerably less attention has been paid to the other European unionoids, and this probably 
reflects the assumption that the species are widespread, abundant and recruiting. The 
absence of baseline data makes the quantification of population change challenging, and the 
recent discoveries of new populations of some species can even give the impression of 
population increase (Aldridge, 2004).  
 In recent years, Europe’s freshwater mussels have received increasing attention. More 
rivers and lakes are being surveyed and molecular techniques are helping to discern 
taxonomies and resolve synonymies. Increased international collaboration is starting to reveal 
that all Europe’s freshwater mussels are suffering declines at the regional level, and that some 
declines are happening at an alarming rate (Sousa et al., 2008; Geist, 2010; Prié, Molina & 
Gamboa, 2014). There is a growing recognition that effective conservation measures require 
greater collaboration and sharing of knowledge between nations. It is therefore remarkable 
that to date no publication has attempted to synthesise our collective understanding of unionoid 
ecology and conservation status across Europe’s freshwater ecosystems. To address this 
clear need, in this paper we have assembled the knowledge and expertise of malacologists 
from across Europe to i) list the presently accepted European unionoid species and discuss 
their taxonomy; ii) characterise their distribution; iii) describe their basic biological 
characteristics and habitat preferences highlighting research gaps on life history and the 
functional role of these organisms; iv) assess their conservation status; v) summarise the major 
threats to these species to  highlight the critical knowledge gaps that impair conservation 
efforts; and vi) suggest a logical path for future work. 
 
II. LIST OF SPECIES, TAXONOMY AND DISTRIBUTION 
 
(1) List of European freshwater mussel species 
At the beginning of the twentieth century, the number of described European unionoid species 
was extremely high (approximating 1500) due to an overestimation of species mainly based 
on their highly variable shell characters. The French École Nouvelle was especially responsible 
for such ‘splitting’ (Graf, 2010). By the end of the 20th century many synonymies had been 
resolved, merging the previous descriptions in around 12 recognized species with several 
subspecies (e.g., Germain, 1931; Haas, 1969; Araujo, 2013). In recent years, this number has 
increased reflecting molecular advances (Araujo, Toledo & Machordom, 2009; Reis & Araujo, 
2009; Prié, Puillandre & Bouchet, 2012) and will likely continue to increase in the near future 
as more research efforts are directed to this field (Graf, 2010). Currently, 16 species of 
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European unionoids are recognized (Figs. 2.1 and 2.2). In the case of the subspecies, more 
comprehensive genetic studies are needed to verify their status. In the present study a revised 
checklist of the European unionoids is proposed (Table 1.1). 
 
 
 
Figure 2.1. Phylogenetic tree obtained by Bayesian Inference analysis using the GTR+I+G model and Maximum Likelihood (ML) 
using the TPM2uf+I+G model of the combined mtDNA fragments (COI and 16S). Support values are given as Bayesian posterior 
probability above nodes and as bootstrap support below nodes, except for those with values below 50 and within the species 
level, which have been omitted for clarity. Values above 90 are represented by (*). The tree topologies resulting from ML and BI 
approaches were congruent. The tree was rooted with Neotrigonia margaritacea. Available sequences downloaded from 
GenBank and new sequences codes refer to Supplementary Materials I. 
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Figure 2.2. Shell pictures of representative freshwater mussel taxa in Europe. 
 
(2) Taxonomy and systematics (Unionida Gray 1854) 
Currently, the order Unionida Gray 1854 is represented in Europe by two families: i) the 
Margaritiferidae Henderson 1929 (1910), which comprise only two species: M. auricularia and 
M. margaritifera and; ii) the Unionidae, represented by 14 species in five genera (Anodonta 
Lamarck 1799; Microcondylaea von Vest 1866; Potomida Swainson 1840; Pseudanodonta 
Bourguignat 1877; and Unio Philipsson 1788).  
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Table 1.1. Comparative checklist of European freshwater mussel species. Valid species in bold; ? – unclear taxonomic status.  
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(a) Family Margaritiferidae Henderson 1929 (1910).  
In Unionoida phylogeny, the Margaritiferidae was regarded until recently as the most basal 
family due to the lack of more specialized anatomical features (Bogan & Roe, 2008). However, 
molecular studies on the suprafamiliar relationships tend to place margaritiferids as sister to 
(or nested within) the Unionidae (Hoeh et al., 2002; Graf & Cummings, 2006). Additionally, the 
interspecific relationships within the Margaritiferidae have also remained contentious. Using 
mainly conchological and anatomical characters, a comprehensive reassessment was carried 
out by Smith (2001) that divided the family in three distinct genera: Margaritifera Schumacher 
1816, Margaritanopsis Haas 1912, and Pseudunio Haas 1910. However, using recent 
molecular techniques Huff et al., (2004) revealed the polyphyly of those genera and contested 
this division pointing out a lack of clear conchological or anatomical synapomorphies of the 
earlier study. These molecular results also confirmed the presence of distinct lineages within 
the Margaritiferidae family and, due to a lack of distinctive characters and geographical 
affinities, suggested that the genus Margaritifera should encompass all these lineages. 
 Although the best studied unionoid species in Europe is M. margaritifera, the type 
species of the genus Margaritifera, the status of eventual distinct evolutionary lineages or 
subspecies deserves more attention. In fact, some previously described subspecies (e.g., M. 
m. durrovensis Philips 1928 and M. m. brunnea (Bonhomme 1840)) are not supported by 
molecular data (Chesney, Oliver & Davis, 1993; Machordom et al., 2003). Within the species, 
a gradient in genetic diversity is evident, with higher variation observed in northern Europe 
populations than in south-western Europe (Geist & Kuehn, 2005; Geist et al., 2010). Moreover, 
studies by Karlsson, Larsen & Hindar (2014) suggest that there is strong reproductive isolation 
between freshwater pearl mussel populations, and a host-dependant genetic variation where 
trout- and salmon-mussel populations present highly differentiated genetic structures.   
 The generic affiliation of M. auricularia has been controversial. This species was 
allocated to the genus Pseudunio by Haas (1910) in order to distinguish it from M. margaritifera 
and then one year later re-synonimized with Margaritifera by Ortmann (1911). Pseudunio was 
subsequently resurrected by Haas (1969) as a subgenus to distinguish M. auricularia and its 
subspecies M. a. marocana Pallary 1918 from the remaining Margaritifera species. Since then, 
Pseudunio was used again as a genus by Smith (2001) and Nienhuis (2003) based on 
morphological characters. More recently Huff et al. (2004) using nuclear and mitochondrial 
molecular data associated M. auricularia with the North American Margaritifera monodonta. 
However, although the nuclear genetic data places M. auricularia as sister to M. monodonta, 
the mitochondrial data does not support this analysis and divides both species in separate 
lineages. Further, molecular studies show that although both M. auricularia and the recently 
re-described North African M. marocana form a monophyletic clade (Araujo et al., 2009b), the 
use of Pseudunio as either a genus or subgenus is not supported (Araujo et al., 2009c). 
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(b) Family Unionidae Rafinesque 1820.  
The family Unionidae is represented in Europe by two subfamilies: Unioninae and Gonideinae 
(Graf & Cummings, 2014). Within the subfamily Unioninae, the European species are divided 
into two tribes: i) the Anodontini with two Anodonta spp. and Pseudanodonta complanata and 
ii) the Unionini that comprise all Unio species. In the subfamily Gonideinae, only two species 
are recognized: Potomida littoralis and Microcondylaea bonellii, both restricted to southern 
Europe. However, although preliminary molecular data confirms their presence in Gonideinae 
(Froufe & Lopes-Lima, unpublished) some uncertainties still exist about the monophyly of this 
subfamily and further studies are needed to clarify their status.  
 (i) Sub-Family Unioninae Rafinesque 1820: Tribe Anodontini Rafinesque 1820. The 
Anodonta species concept within this genus was unclear and in disarray until the middle of the 
twentieth century when Haas (1969) merged all the species into the single taxon Anodonta 
cygnea (Linnaeus 1758). Since then, the presence of at least one additional species (Anodonta 
anatina (Linnaeus 1758); Fig. 2.1) has been well accepted (Nagel, Badino & Celebrano, 1998; 
Araujo et al., 2009c). The high plasticity (Zieritz & Aldridge, 2011) and similarity of some 
morphotypes make visual distinction between species extremely difficult, with molecular 
identification keys producing more reliable results (Källersjö et al., 2005; Zieritz et al., 2012). 
In the 1990s, Nagel, Badino & Alessandria (1996) carried out the first allozyme study on the 
genus indicating that at least the Italian and southern Swiss populations may belong to one or 
two additional Anodonta lineages. More recently, Froufe et al. (2014) discerned three 
European clades for A. anatina using the Cytochrome Oxidase I mitochondrial gene. We herein 
recognize only two species, A. anatina and A. cygnea, for which no valid subspecies are 
currently accepted and additional Anodonta spp. for the Italian and southern Swiss Anodonta 
lineages. Likewise, the taxonomy of Pseudanodonta complanata (Rossmässler 1835) remains 
unresolved. Both Haas (1969) and Araujo (2013) recognized three geographically separated 
species in Europe: P. complanata; P. elongata Holandre 1836 and P. middendorffi 
(Siemaschko 1849), the latter comprising two subspecies. Additional Pseudanodonta taxa are 
also included in other regional checklists (e.g., Kantor et al., 2010). However, since they were 
based on regional morphotypes and no genetic studies have been carried out over its entire 
range, the true taxonomic status of these populations is still unclear. Therefore, P. complanata 
will be adopted herein as a single species following Graf (2007) and Skidmore et al. (2010). 
Furthermore, the placement of P. complanata within the phylogeny of the tribe Anodontini is 
still undefined in relation to the genus Anodonta that includes not only European but also North 
American and Asian species (Chong et al., 2008). 
 (ii) Sub-Family Unioninae Rafinesque 1820: Tribe Unionini Rafinesque 1820. Although 
further research is needed to enlighten interspecific and intraspecific relationships of the genus 
Unio in Europe, it seems to be divided in four main lineages: crassus, pictorum, tumidus and 
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gibbus (Fig. 2.1), based on the most recent molecular data (Araujo, 2009a; Reis & Araujo, 
2009; Khalloufi et al., 2011; Prié, Puillandre & Bouchet, 2012; Prié & Puillandre, 2014).  
 U. crassus lineage - The crassus lineage was recently divided in two species, U. 
crassus and Unio tumidiformis Castro 1885 (Reis & Araujo, 2009), with U. tumidiformis being 
restricted to south-western Europe. Within U. crassus sensu stricto, several subspecies have 
been recognized (e.g., Haas, 1969; Kantor et al., 2010; Araujo, 2013). However, their 
taxonomic validity is still uncertain since genetic studies on this taxon are scarce (but see Prié 
& Puillandre (2014) where Unio c. courtillieri was recently confirmed as a distinct molecular 
lineage based on 16S and COI gene fragments). We herein consider only two species and 
one subspecies, U. c. crassus, U. c. courtilieri and U. tumidiformis, but other described 
subspecies should be further investigated for taxonomic resolution (see Table 1.1). 
 U. pictorum lineage - Over the last decade the pictorum lineage has been divided into 
Unio pictorum (Linnaeus 1758), Unio mancus Lamarck 1819, Unio delphinus Spengler 1793: 
and Unio ravoisieri Deshayes 1848 (Araujo, Gomez & Machordom, 2005; Araujo, Toledo & 
Machordom, 2009; Khalloufi et al., 2011; Reis, Machordom & Araujo, 2013). The interspecific 
relationships and species status of this lineage still need validation (e.g., Prié & Puillandre, 
2014) and should be more thoroughly investigated using additional molecular markers and 
populations. Both Haas (1969) and Araujo (2013) recognize around ten U. pictorum 
subspecies requiring further analyses to establish their validity. Despite the nomenclatural 
priority of mancus over elongatulus, Haas (1969) did not consider U. mancus as a valid 
species. Instead in his classification the U. mancus lineages are placed under the name U. 
elongatulus. Since then, those lineages have been consensually reassigned to U. mancus 
(Araujo, Gomez & Machordom, 2005; Prié, Puillandre & Bouchet, 2012) with recent molecular 
studies recognizing the presence of three genetically distinct populations in Spain and France 
(Araujo, Gomez & Machordom, 2005; Prié, Puillandre & Bouchet, 2012). Additionally, in the 
phylogeny of the genus, northern Italian Unio are genetically distinct from the French and 
Spanish U. mancus specimens and probably represent a distinct species. This taxon will be 
referred to herein as Unio cf. elongatulus. The species U. ravoisieri, considered by Haas (1969) 
as one of the lineages of U. elongatulus, has also been recently considered a distinct valid 
species, based on molecular, reproductive and morphological characters (Khalloufi et al., 
2011). Within the U. pictorum lineage we herein consider 5 species, U. p. pictorum, U. 
delphinus, U. ravoisieri, U. cf. elongatulus and U. mancus with three subspecies. U. pictorum 
previously described subspecies should be further investigated for taxonomic resolution (see 
Table 1.1). 
 U. tumidus lineage – Although Prié & Puillandre (2014) had observed a low genetic 
diversity in French populations of U. tumidus (Linnaeus 1758), no recent wide scale study has 
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been performed to confirm the presence of any additional evolutionary units for this species in 
Europe. 
 U. gibbus lineage – This lineage includes only the recently re-described U. gibbus 
Spengler 1793 in Europe based on morphological, reproductive, and molecular characters 
(Araujo, Toledo & Machordom, 2009).  
 (iii) Sub-Family Gonideinae Ortmann 1916. The two remaining species, 
Microcondylaea bonellii (A. Ferussac 1827) and Potomida littoralis (Cuvier 1798), were 
previously assigned to the North American subfamilies Quadrulinae (Haas 1940 1969) and 
Ambleminae (Nagel, Badino & Celebrano, 1998). More recently, Graf & Cummings (2007) 
considered both species as incertae sedis and later additional studies placed them in the 
subfamily Gonideinae although Whelan, Geneva & Graf (2011) could not find support for the 
monophyly of the taxon. In this paper both species are considered as part of the subfamily 
Gonideinae. 
 P. littoralis was classically divided into several subspecies in European, African and 
Asian Mediterranean countries. However, Araujo et al. (2009c) and Reis, Machordom & Araujo 
(2013) proposed that in Iberia and France only one subspecies P. l. littoralis is valid and that 
the Greek and Turkish subspecies could be distinct species that should be further evaluated 
using molecular techniques for a more definite conclusion.  
 Very low genetic diversity was detected for M. bonellii populations using allozymes 
(Nagel & Badino, 2001). However, since this work was performed with a limited number of 
populations, more research is needed from the whole distribution range. In the present study, 
newly sequenced individuals associate this species with P. littoralis within the European 
unionoidea (Fig. 2.1). Nevertheless, it seems to be more closely related to Leguminaia spp. 
from the middle east and the North American Gonidea angulata, based on morphological 
(Modell, 1951) and preliminary molecular (Froufe & Lopes-Lima, unpublished) analyses. 
 
(3) Distribution 
Data on the distribution of European freshwater mussels (Figs. 2.3 to 2.6) were derived from 
published distribution data, supplemented with data from the most recent surveys performed 
by the authors of this paper. For many European regions, there is a lack of detailed surveys 
covering the spatial distribution of unionoid species, and even rarer are studies addressing 
possible changes in density, biomass or spatial distributions over time. There are also 
considerable differences in data quality and quantity across regions with much more 
information for Germany, Great Britain, Iberia and Scandinavia than for the Balkans and 
Eastern Europe. There is also an imbalance in data available for different species, with 
considerable detail on M. margaritifera, M. auricularia and U. crassus, but little information for 
species such as P. complanata, M. bonellii and U. cf. elongatulus. 
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 Highest species richness is found in central, northern, and eastern Europe (Fig. 2.7), 
but the freshwater mussel fauna of these regions is relatively homogeneous. In contrast, 
southern Europe is characterised by lower species richness but a higher number of spatially 
restricted species, (e.g., M. bonellii or U. tumidiformis).  
 
(a) Family Margaritiferidae.  
The genus Margaritifera is distributed discontinuously in Europe. M. auricularia was once 
widespread in western Europe. Historical records exist from the Iberian Peninsula to Central 
Europe, the Po basin in Italy and from the British Isles, but since the twentieth century its 
distribution has been restricted to south-western France and the Ebro basin in Spain (Smith, 
2001) (Fig. 2.3).  The Holarctic M. margaritifera, has a much wider distribution (Araujo & 
Ramos, 2001; Young, Cosgrove & Hastie, 2001; Geist, 2010) occurring in oligotrophic streams 
and rivers in northern and central Europe from the British Isles in the west to Norway in the 
north and northern Russia in the east. The species also extends southwest to the north of the 
Iberian Peninsula where it is found in the north-western Atlantic rivers (Fig. 2.3). While M. 
margaritifera is still found in most of its historical range, the species has disappeared from 
many streams and rivers and is now probably extinct in Belarus, Denmark, Lithuania, and 
Poland. Similar ‘range-thinnings’ (Strayer, 2008) have been described in other unionoid 
species, including those in North America. 
 
Figure 2.3. Distribution of Margaritiferidae in Europe. Light shades correspond to hydrographical basins historical distribution 
(previous to 1992), dark shades correspond to hydrographical basins present distribution (after 1991) and dots present known 
populations (after 1991). Known distribution of M. auricularia (blue), M. margaritifera (red) and both (purple). Distribution data are 
based on recent surveys performed by the authors of this paper and published distributions (Supplementary materials II). 
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(b) Family Unionidae.  
The family Unionidae is present in all European countries including United Kingdom and 
Ireland (Haas, 1969).  
 (i) Anodontini. The two Anodonta species are widely distributed from the British Isles in 
the west to Russia in the east (Figs. 2.4A and 2.4B) and also in all southern European 
countries. However, A. anatina has a much wider distribution range than A. cygnea and is also 
present in more habitat types. P. complanata is present in most of northern and central Europe 
from United Kingdom in the west to Russia in the east but not in southern Europe (Fig. 2.4C). 
 
Figure 2.4.  Distribution of Anodontini in Europe. Light shades correspond to historical distribution in hydrographical river basins 
(previous to 1992), dark shades correspond to present distribution in hydrographical river basins (after 1991) and dots represent 
present known populations (after 1991). A) distribution of A. anatina (grey), Anodonta sp. (blue); B) distribution of A. cygnea; C) 
distribution of P. complanata. Distribution data are based on recent surveys performed by the authors of this paper and published 
distributions (Supplementary materials II). 
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 (ii) Unionini. The genus Unio is present in all European countries. U. crassus is widely 
distributed in central and northern Europe from France in the west to Russia in the east 
including also south-eastern Europe (Fig. 2.5A). U. tumidiformis is present only in the 
southwest of the Iberian Peninsula in a restricted geographical area (Fig. 2.5A). In the pictorum 
lineage, U. pictorum is the most widespread, being distributed in central and northern Europe 
from the British Isles in the west to Russia in the east, extending to south-eastern Europe (Fig. 
2.5B). Although also present in north-west Africa, in Europe U. delphinus and U. ravoisieri are 
restricted to different regions of the Iberian Peninsula, with U. delphinus present in western 
Iberia and U. ravoisieri presently being confined to two locations (River Ser and Lake Banyolas) 
in Catalonia (Araujo et al., 2009c) (Fig. 2.5C). U. mancus is present in Mediterranean Iberia, 
France (where it is possibly sympatric with U. pictorum), Italy and Croatia; although in the last 
two countries it might be a different species (i.e. Unio cf. elongatulus, see taxonomy) or both 
may co-occur (Fig. 2.5C). U. tumidus is also widespread with a distribution range similar to U. 
pictorum, although U. tumidus has not been recorded from Ireland (Fig. 2.5D). U. gibbus, which 
is also currently distributed through north-west Africa, was historically present in southern 
Iberian rivers but it is now restricted to the River Barbate near Cadiz in the south of Spain (Fig. 
2.5D). 
 
Figure 2.5. Distribution of Unionini in Europe. Light shades correspond to historical distribution in hydrographical river basins 
(previous to 1992), dark shades correspond to present distribution in hydrographical river basins (after 1991) and dots represent 
present known populations (after 1991). A) distribution of U. crassus (grey) and U. tumidiformis (red); B) distribution of U. pictorum; 
C) distribution of (U. mancus + U. cf. elongatulus) (blue), of U. delphinus (grey) and of U. ravoisieri (red); D) distribution of U. 
tumidus (grey) and U. gibbus (red). Distribution data are based on recent surveys performed by the authors of this paper and 
published distributions (Supplementary materials II). 
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(iii) Gonideinae. The two Gonideinae M. bonellii and P. littoralis have an interesting and non-
overlapping distribution in southern Europe (Fig. 2.6). M. bonellii is present from the Italian 
peninsula to the Adriatic drainages of the Balkans. In contrast, P. littoralis has a disjunct 
distribution in south-western Europe including Portugal, Spain and France to Greece and 
Turkey in the southeast, but eastern populations likely represent a separate species (see 
taxonomy). 
 
 
Figure 2.6. Distribution of Gonideinae in Europe. Light shades correspond to historical distribution in hydrographical river basins 
(previous to 1992), dark shades correspond to present distribution in hydrographical river basins (after 1991) and dots represent 
present known populations (after 1991). Distribution of P. littoralis (grey), M. bonellii (red). Distribution data are based on recent 
surveys performed by the authors of this paper and published distributions (Supplementary materials II). 
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Figure 2.7. Species richness of European freshwater mussel species in hydrographical river basins. 
 
 
III. GENERAL BIOLOGY AND ECOLOGY 
 
(1) Biology and life history 
Freshwater mussels have adaptations to life in freshwater habitats that include larvae brooding 
(the larvae are kept inside the gills until maturation in a specialized structure, the marsupium) 
and an extraordinary life cycle in which a specialized larva, the glochidium, temporarily 
parasitizes fish for nutrition and dispersion. The current knowledge of the main biological traits 
of European freshwater mussels is described in Table 1.2. It has to be noted that information 
on host fishes may not be comprehensive and valid throughout distribution ranges, since local 
host adaptations can occur (e.g., Taeubert et al., 2010, 2012; Karlsson, Larsen & Lindar, 
2014). 
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Table 1.2. List of main biological traits of European freshwater mussels. N - no data; U - unpublished data;  * - Probable hosts. 
Biological data are based on unpublished studies by the authors of this paper and published information (Supplementary materials 
III). Host information is not comprehensive for each region and likely underestimates host breadth. 
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(a) Margaritiferidae.  
Both European margaritiferids are short-term brooders (tachytictic), incubating the brood in the 
four gill demibranchs (tetrabranchy). The single M. auricularia population (Canal Imperial, 
Ebro, Spain) that has been studied for sex identification was found to be mainly hermaphroditic 
(70%) with the remaining 30% being females (Grande, Araujo & Ramos, 2001). M. 
margaritifera is generally considered to be dioecious (Ziuganov et al., 1994) but females may 
switch to hermaphrodites at low population densities (Bauer, 1987). However, some 
populations seem to have a high hermaphroditism ratio (Grande, Araujo & Ramos, 2001) that 
can reach up to 100% (Larsen & Berger, 2009), even in populations at high densities. The 
larvae are D-shaped, unhooked and smaller in length than unionid larvae (maximum lengths 
between 127-144 µm for M. auricularia and 45-70 µm for M. margaritifera) (Araujo & Ramos, 
1998). The margaritiferids also have much higher fertility when compared to other unionoids; 
their infestation strategy is to broadcast large numbers of small glochidia directly in the water 
column. Unlike most unionid species whose larvae do not grow on the fish, margaritiferid larvae 
grow up to 10-fold until metamorphosis is complete. The host fish requirements are distinctive. 
M. margaritifera uses exclusively salmonid hosts (mainly Salmo salar Linnaeus 1758 and 
Salmo trutta Linnaeus 1758) in Europe (Young, 1991; Geist, Porkka & Kuehn, 2006; Österling 
& Larsen, 2013), while M. auricularia supposedly uses the European sturgeon (Acipenser 
sturio Linnaeus 1758); although some alternative hosts are also known (Gambusia holbrooki 
Girard 1859; Salaria fluviatilis (Asso 1801) and other Acipenseridae) (see Table 1.2).  
 
(b) Unionidae.  
 (i) Anodontini. In the Anodontini, both Anodonta species have a similar sexual strategy 
that apparently favours hermaphroditism in lentic and gonochorism in lotic habitats (Hinzmann 
et al., 2013). On the other hand, P. complanata is either completely or predominantly dioecious 
(McIvor & Aldridge, 2007). Both Anodonta spp. and P. complanata are long-term brooders or 
bradytictic keeping the larvae overwinter and releasing them from late winter/early spring 
through the summer. The marsupium is located solely in the outer gill demibranchs 
(ectobranchy) (Graf & Cummings, 2007; Hinzmann et al., 2013). The larvae of Anodontini are 
triangular, hooked and larger (335-409 µm) than those of Unionini (Wächtler, Dreher-Mansur 
& Richter, 2001). This has been hypothesized to be related to a wider range of hosts in the 
Anodonta and Pseudanodonta than Unio since larger glochidia are better developed and need 
a shorter metamorphosis period than smaller glochidia (Wächtler, Dreher-Mansur & Richter, 
2001). In fact, both Anodonta spp. and P. complanata are host generalists although recent 
studies indicate that even host generalists cannot use all available species (e.g., invasive fish 
species) and might be subject to host limitation if the fish fauna suddenly changes (Douda et 
al., 2013). Anodontines release glochidia in mucous threads that hang in the water like spider 
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webs attached to the parental mussels, or to rocks or other hard substrates (Wood, 1974; Haag 
& Warren, 1997). It has also been shown that gravid A. anatina females can recognize the 
presence of the fish host in the vicinity and release glochidia accordingly (Jokela & Palokangas, 
1993). 
 (ii) Unionini. In general, the Unio spp. are dioecious ectobranchs (but see Araujo, 
Toledo & Machordom, (2009) for U. gibbus) and short-term brooders, having the capacity to 
generate multiple broods each year generally in the spring and summer months (Aldridge, 
1999; Bauer, 2001; Araujo et al., 2009c). However, the reproductive cycles of many Unio 
species are still unknown, and need to be verified. With the exception of the unhooked form of 
U. gibbus, the larvae of Unio spp. are triangular, hooked and similar in shape but smaller in 
size (200-232 µm) than in Anodontini (Wächtler, Dreher-Mansur & Richter, 2001). As for the 
glochidia infestation strategy, U. crassus exhibits an unusual spurting behaviour for larvae 
dispersion where the females move up to the shoreline and spurt water with glochidia into the 
stream (Vicentini, 2005). A mucous web strategy is reported for U. pictorum (Aldridge & McIvor, 
2003). Many of Unio spp. (including U. crassus and U. pictorum) release conglutinates 
(packets of larvae) that resemble small larvae that might attract fish hosts. However, most of 
these conglutinate releases may be related to stress conditions because they always carry 
immature larvae or eggs (e.g., Aldridge & McIvor, 2003) and are not considered as the main 
infestation strategy, unlike the specialised conglutinates seen in some North American species 
(Haag & Warren, 2003). Distinct to Anodontini species, most Unio species generally use a 
narrower range of host fishes, mainly native species. For example, U. tumidiformis is a host 
specialist which is able to use only Iberian Squalius spp. (Reis & Araujo, 2009; Reis, Collares-
Pereira & Araujo, 2014).   
 (iii) Gonideinae. The two Gonideinae genera brood larvae in both inner and outer 
demibranchs (tetrabranchy), are dioecious and probably short-term brooders (Nagel, 2004; 
Nagel et al., 2007). The larvae of these species are similar in shape, both elliptical and 
unhooked but larger in P. littoralis (~200µm) than in M. bonellii (132–154 µm) (Araujo, Bragado 
& Ramos, 2000; Nagel et al., 2007). While the infestation strategy is still unknown for P. 
littoralis, M. bonellii uses worm-like conglutinates to attract fish (Nagel et al., 2007). As for the 
hosts, P. littoralis seems to use a wide range of native fishes, while the hosts for M. bonellii 
remain unknown. 
 
(2) Ecology and habitat requirements 
The forces that determine local distributions of unionoid freshwater mussels can be best 
described in three levels of interrelated and descending hierarchy: i) spatial variability (i.e. 
biogeographic history); ii) host fish distribution; and iii) local environment including biotic and 
abiotic factors (Vaughn & Taylor, 2000). In Europe, several biogeographic barriers exist which 
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may explain the distribution of freshwater mussels. For example, the presence of the Alps and 
the Pyrenees can explain the isolation of several freshwater mussel species in the Italian and 
Iberian Peninsulas. At the second level, freshwater mussel species depend on host fishes to 
complete their life cycle. This turns the distribution of host fishes in one of the fundamental 
ecological factors that shape freshwater mussel distribution. Furthermore, each freshwater 
mussel species exhibits distinct abilities to infest a variable range of host fishes. For instance, 
while margaritiferids usually have a very narrow range of hosts that have a large spatial 
distribution and high dispersal capacity, the anodontines are able to use a broader number of 
host species which may vary in terms of their distribution ranges (Table 1.2). Finally, at the 
local level, habitat characteristics such as current velocity or water and sediment quality are 
usually considered key aspects determining unionoid species abundance and distribution (for 
a review see Strayer, 2008). Mussel habitats may be primarily modulated by seasonal floods 
and droughts with mussels typically located in stable sediments, which experience low shear 
stress during floods and which do not dry up in the summer (Strayer, 1999; Hastie et al., 2001). 
In addition, biotic interactions such as competition, predation, parasitism and facilitation may 
also change the density, biomass, structure and local distribution of freshwater mussels 
(Strayer, 2008). 
 The primary interspecific differences in habitat preference relate to the physicochemical 
properties of water, and particularly temperature, pH, flow velocity, hardness and trophic state. 
In addition, substratum preferences vary between species and are related to flow regimes and 
bottom stability. Substrate properties may be especially important in the early post-parasitic 
phase because freshly excysted juvenile mussels typically live buried within the sediment 
where they deposit feed. 
 
Table 1.3. Principal habitats occupied by European freshwater mussels (the table structure was adapted from Killeen, Aldridge & 
Oliver, 2004). Dark grey - often present; Light grey – occasionally present; and White – no data. Ecological data are based on 
unpublished studies by the authors of this paper and published information (Supplementary materials IV). 
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 Habitat preferences are quite distinct in both European Margaritiferidae species (Table 
1.3). M. margaritifera is a habitat specialist now found mostly in cool upland streams with 
bedrock, cobble, and gravel substrate (Geist, 2010). If the species occurs in larger rivers (e.g., 
in northern Europe), then their habitat is also characterised by cold temperatures, coarse 
substratum, moderate flow velocities, low nutrient concentrations and low carbonate content, 
with salmonid hosts being present (Geist, 2010). In contrast, the few remaining M. auricularia 
populations all occur in large rivers, and even in a canal, with warm temperatures, high 
conductivity and carbonate content, and outside a typical habitat for salmonids (Araujo et al., 
2009c).  
 Similar diversity in habitat use is also described in the Unionidae. While P. complanata 
generally prefers flowing rivers and streams, A. cygnea is typically associated with canals, 
eutrophic lakes and ponds used for fish farming. A. anatina has a relatively high plasticity and 
tolerance to different abiotic conditions and can thus be found from fast-flowing streams to 
lentic habitats. Such diversity of habitat requirements is also observed in Unio. For example, 
U. crassus is a species that tolerates low temperatures and high flows, occurring mainly in 
stream and river habitats, but can also be present in oligotrophic lakes (Vicentini, 2004). U. 
crassus is typically found in streams with low shear stress (Zajac & Zajac, 2011) often with 
high amounts of fine sediments and organic matter (Denic et al., 2014). Its southern European 
sister species, U. tumidiformis, on the other hand, can tolerate higher water temperatures and 
is able to survive and aggregate in pools during the summer, in temporary Mediterranean rivers 
(Reis & Araujo, 2009). All of the species from the pictorum lineage and also U. tumidus have 
similar habitat requirements and generally occur in slow-flowing large rivers or lentic habitats 
with dominance of fine substrate. The two Gonideinae species are generally present in lotic 
habitats such as streams and rivers but are occasionally found in lakes fed by springs. 
 
IV. CONSERVATION  
 
(1) Conservation status 
The current conservation status of the sixteen unionoid species in Europe is summarised in 
Table 1.4.  
 
(a) Margaritiferidae.  
Both margaritiferids were considered as Critically Endangered by the recent IUCN European 
assessment on non-marine mollusks (Cuttelod et al., 2011). M. auricularia, in which the decline 
in both population numbers and extent of occurrence is estimated to be over 90% (Prié, 2010), 
is now almost extinct both in Spain and France. The few remaining populations are aging with 
only the Tauste channel in the Ebro basin in Spain and the Charente, Vienne (Loire), Luy 
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(Adour) and Dronne (Garonne) Rivers still showing signs of recent recruitment (estimated to 
be within the past 15 years). The probable primary host (Acipenser sturio) is extinct in the Ebro 
basin and has almost disappeared from France where it occurs at a very low abundance and 
with irregular natural spawning (Gesner et al., 2010). 
 
Table 1.4. Conservation status and current legal protection of freshwater mussels in Europe. Bibliographic references 
(Supplementary materials V).  
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 The freshwater pearl mussel M. margaritifera has been exploited in Europe since pre-
Roman times for its pearls and for this reason many populations have been managed and 
protected by local authorities. Therefore, with the exception of the Iberian populations where 
most populations have been only recently located (Reis, 2003; Morales et al., 2004; Varandas 
et al., 2013; Lois et al., 2014), in most countries data on the historical range, as well as on 
recent declines, are well known (Young, Cosgrove & Hastie, 2001; Geist, 2010). Additionally, 
since 1992 this species has been included in the main European policy that protects wildlife 
habitats and has consequently attracted the main portion of European Community funds 
devoted to freshwater bivalve conservation (Gum, Lange & Geist, 2011). Such focussed 
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funding means that in the last two decades numerous scientific studies have increased the 
knowledge of the conservation status of this species (Geist, 2010). Populations have 
decreased dramatically since the beginning of the twentieth century (up to 90%) and this trend 
is ongoing (Geist, 2010). The species is possibly extinct in some countries (Belarus, Denmark, 
Lithuania, and Poland) and most of the remaining populations in southern and central Europe 
are highly fragmented and functionally extinct due to the lack of recent recruitment (Young, 
Cosgrove & Hastie, 2001; Geist, 2010). Additionally, recent studies indicate that poor 
recruitment can also be common in northern Europe and that many historical M. margaritifera 
populations have disappeared in northern latitudes (Oulasvirta, 2011; Makhrov, 2014).  
 
(b) Unionidae.  
Almost all unionid species have been reported to be declining at different rates, although these 
trends are difficult to analyse because there are few historical data sets that can serve as a 
baseline for quantifying population change.  
 (i) Anodontini. While both Anodonta spp. are still not considered to be threatened in the 
most recent European IUCN assessment, mainly due to the fact that the population numbers 
and distribution range are large. However, some populations are declining especially in the 
case of A. cygnea which was recently assessed as Near Threatened (Killeen & Aldridge, 2011). 
However, no comprehensive recent surveys have been carried over the entire range of A. 
anatina and A. cygnea and demographic and genetic studies that would help to define 
conservation or management units are almost absent (but see Geist, Geismar & Kuehn, 2010; 
Froufe et al., 2014). One of the Anodonta anatina lineages, which include individuals from Italy 
and the Ebro basin of Spain (Froufe et al., 2014), is especially restricted in range and is 
decreasing rapidly due to eutrophication, water abstraction, and introduction of invasive 
species. P. complanata is rare across its entire range and there is evidence for widespread 
declines (>50% over the last few decades) in populations from the UK, central Europe, and 
Ukraine (Tudorancea, 1972; McIvor & Aldridge, 2007). This species is already protected in 
several countries (Table 1.4). 
 (ii) Unionini. U. crassus, once considered the most abundant unionid in Europe, has 
declined dramatically (up to 50% both in the number of individuals and populations) in western 
and central Europe during the second half of the twentieth century (Bauer, Hochwald & 
Silkenat, 1991; Lopes-Lima et al., 2014b). U. crassus is protected and considered highly 
endangered in several European countries (see Table 1.4), was assessed as Endangered in 
the last IUCN assessment (Lopes-Lima et al., 2014b) and is listed in annexes II and IV of the 
European Commission (EC) Habitats Directive. Populations seem to be stable only in the Baltic 
and eastern European countries (Lopes-Lima et al., 2014b).  
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 The recently re-described U. tumidiformis has a restricted distribution in small rivers of 
southern Iberia, a region severely affected by water abstraction (Benejam et al., 2010). The 
populations are very scattered and sparse with recent declines of about 30-35% (Araujo, 
2011a). The species is considered Vulnerable in its entire range (Araujo, 2011a), and is also 
protected (as U. crassus) in Portugal and Spain under annexes II and IV of the EC Habitats 
Directive. 
 U. pictorum is one of the most widespread unionid species in Europe where it has 
recently been assessed as Least Concern (Van Damme, 2011a). However, although no 
comprehensive surveys and monitoring programmes have been carried out across their entire 
range, it is already listed as Near Threatened in Austria, Germany, Great Britain, and Sweden.  
 U. mancus exhibits a strong decline in both density and number of populations in the 
western range of its distribution (Araujo et al., 2009c; Prié, Puillandre & Bouchet, 2012). It is 
listed as Near Threatened in Europe by the IUCN (Araujo, 2011b) although more recent data 
pointed out that at least in France each of the three French subspecies should arguably be 
considered as Endangered (Prié, Puillandre & Bouchet, 2012). There are no data regarding 
the conservation status of U. mancus in south-eastern Europe.  
 Unio cf. elongatulus can be locally abundant, but both the number of populations and 
individuals are also declining (Nicoletta Riccardi, unpublished data).  The same is true for 
U. delphinus in its entire range; although no comprehensive studies on population dynamics 
have been performed so far, a recent assessment estimated a 20-30% population loss over 
the last 50 years (Araujo, 2011c).  
 The status of U. ravoisieri has never been evaluated formally but the species should 
be considered as Endangered or even Critically Endangered in Europe, due to a very low 
density and a European distribution restricted to a small Mediterranean basin (River Ser) and 
a small lake (Lake Banyolas) in Catalonia, Spain. Additionally, the Lake Banyolas fish fauna 
has changed dramatically in recent years with the introduction of several invasive species, 
probably reducing the availability of hosts to this unionid (García-Berthou & Moreno-Amich, 
2008). This species and Unio mancus are protected in Spain under the Habitats and Species 
Directive Annex V as U. elongatulus. 
 U. tumidus is considered to be abundant and widespread in its entire range having 
been assessed as Least Concern in Europe (Van Damme, 2011b). However, in some 
countries it has been recently assessed as Vulnerable because of declines in the number of 
populations and abundance; e.g., in France where the distribution range decline has been 
recently estimated to be over 70% (Prié, Molina & Gamboa, 2014).  
 The Critically Endangered U. gibbus (Araujo, 2011c),  is probably the most endangered 
freshwater mussel species in Europe since it is found only in one small basin (Barbate) in 
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southern Spain (Araujo, Toledo & Machordom, 2009) and with only two live individuals found 
since 2007. 
  (iii) Gonideinae. The conservation status of P. littoralis was recently assessed by 
IUCN, as Endangered (Lopes-Lima, Prié & Seddon, 2014). In fact, P. littoralis has suffered a 
strong decline in both the number of populations and individuals and almost 75% of its 
recorded populations in the Iberian Peninsula have disappeared or are likely to disappear 
within the next ten years (Araujo, 2011e). In France, although historically known from all main 
drainages where empty shells can still be found, living individuals are becoming rare and many 
populations are declining with a suggested range contraction of around 75% (Prié, Molina & 
Gamboa, 2014). It is probably extirpated from the Seine basin and from several small 
Mediterranean drainages.  
 M. bonellii has a range limited to south-central Europe and is listed on Annex V of the 
EC Habitats and Species Directive as a protected species. It has been assessed as Vulnerable 
in Europe (Albrecht et al., 2011). In Italy the number of populations is very small and it is 
presumed extinct in Switzerland (Rüetschi et al., 2011). 
 Using the last IUCN red list assessment, of the 16 European species recognized in the 
present work, 12 are on the Threatened or Near Threatened categories: 3 are Critically 
Endangered, 2 are Endangered, 2 are Vulnerable, and 5 are Near Threatened (synonymising 
U. mancus with U. cf. elongatulus). The remaining 3 species are assessed as Least Concern. 
However, one species (U. ravoisieri) was not assessed and recent data suggests that some 
species (e.g., M. bonellii, P. complanata) could be under evaluated.  
 
(2) Major threats 
Globally, major threats to freshwater biodiversity include loss, fragmentation and degradation 
of habitat, overexploitation, pollution, introduction of non-native invasive species, and climate 
change (Dudgeon et al., 2006; Geist, 2011), with all of these factors being relevant to the 
conservation of European freshwater mussels. 
 
(a) Habitat loss, fragmentation and degradation. 
The loss, fragmentation and degradation of habitats due to impoundments, and channelization 
can affect freshwater mussel species in various ways. Generally, all three factors can be 
strongly linked to the density and duration of human settlements, with impacts being less 
pronounced in remote areas such as northern Scandinavia.  
 First, dams and channelization alter the physical characteristics of the aquatic 
ecosystem. In Europe about 7,000 large (more than 15 m high) dams exist (Limburg & 
Waldman, 2009). There is also a high pressure on establishing new dams for hydropower use 
and/or irrigation purposes in central Europe (e.g., Germany and Poland) and on the Iberian 
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Peninsula. Dams result in shifts from lotic to lentic conditions in the impounded reaches 
upstream, which are often accompanied by a shift in species composition towards more 
common species adapted to lentic conditions and loss of rare lotic species (Burlakova et al., 
2011; Mueller, Pander & Geist, 2011). Dams also have the potential to negatively affect mussel 
habitat through changes in sediments, river flow, and temperature (Mueller, Pander & Geist, 
2011), with temperature being particularly crucial for the development of mussel larvae on their 
fish hosts (Taeubert, El-Nobi & Geist, 2014). Increased rates of sedimentation and colmation 
are particularly harmful to rheophilic mussel species such as M. margaritifera, both through 
direct effects on increased juvenile mortality (Geist & Auerswald, 2007; Österling, Arvidsson & 
Greenberg, 2010), and through indirect effects on reduced salmonid host hatching rates 
(Sternecker & Geist, 2010; Sternecker, Cowley & Geist, 2013). Some riverine freshwater 
mussel species such as U. crassus appear to be much more tolerant of fine sediments (e.g., 
Zajac & Zajac, 2011; Denic et al., 2014). In the same vein, many alterations may also occur 
downstream of these obstacles including direct effects through physical stress and indirect 
effects through changes in habitat, food and fish-host availability (Vaughn & Taylor, 1999; 
Addy, Cooksley & Sime, 2012). Water releases from dams often result in both abnormally high 
and low flows (Vaughn & Taylor, 1999). High water velocities can displace adult and juveniles 
and may impair recruitment. In contrast, extended periods of low flow below impoundments 
can result in mussel mortality due to stranding. These changes in flow regimes can also alter 
the sediment stability affecting both adults and juveniles. Some studies also showed that 
temperature may change in downstream areas of these impoundments (Vaughn & Taylor, 
1999), because the released water have usually lower temperatures, and this situation may 
also affect the reproduction of freshwater mussels. Channelization of streams in Europe mostly 
occurred in the context of transportation (e.g., for timber in Scandinavia and Finland), and in 
the context of improving agricultural and forest land use in the catchments (e.g., in central 
Europe), but is nowadays mostly linked with flood defence together with the presence of dams 
and weirs. The construction, dredging, and maintenance of those waterways can be highly 
detrimental for freshwater mussels with primary negative effects on mussel survival and habitat 
(e.g., up to 50% damage in Scottish populations of M. margaritifera; Cosgrove & Hastie, 2001). 
Furthermore, the presence of freshwater mussels is difficult on steep slope channels with 
highly variable flow regimes, particularly if they have concrete surfaces without any sediment. 
On the other hand, due to their extirpation from their original river habitats, the old and stable 
channels and ditches are in many cases the only remaining sanctuaries for some populations 
(e.g., P. littoralis on the rice ditches and channels in the Valencia region, and of M. auricularia 
in the Channel of Tauste in the Ebro basin, both in Spain; Gomez & Araujo, 2008). 
 Second, habitat loss and fragmentation can disrupt natural metapopulation structure 
with the connection between source and sink populations being essential for the persistence 
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of sink populations as documented for M. margaritifera (Geist & Kuehn, 2005). Fragmentation 
in stream ecosystems affects the migration and density of fishes which are important host 
species and vectors for the dispersal and survival of freshwater mussels. Indeed, Watters 
(1996) showed that even small dams can be a major barrier to the dispersal of fish carrying 
glochidia. 
 Third, loss or degradation of habitat due to destruction of mussel beds also may be 
related to inappropriate flow management (e.g., increasing the rates of droughts or floods) or 
of inappropriate bed cleansing activities, e.g., macrophyte and substratum removal (Aldridge, 
2000). Moreover, the extreme flood events in the UK during early 2014 have promoted a 
national call for widespread dredging of waterways, which undoubtedly will harm unionoid 
populations. In general, the structural deficits in stream ecosystems are considered the main 
challenge in reaching the goal of a favourable status in the context of the European Water 
Framework Directive (Geist, 2014). 
 
(b) Overexploitation. 
 Overexploitation is probably best documented in mussel species harvested for pearls and 
nacre used in the button industry, with the latter being most prominent in the United States 
(Anthony & Downing, 2001). In Europe, pearl fishing was a major threat to many central and 
northern European populations of M. margaritifera (Young, Cosgrove & Hastie, 2001; Makhrov 
et al., 2014) with strict laws now prohibiting these activities throughout Europe. Poaching is 
still reported to happen occasionally in some countries (e.g., Scotland and Russia). Also a 
craftsmen industry existed in the Region of Aragon, Spain, for the use of M. auricularia nacre 
up until the 1990s to make buttons and decorate jack-knife hilts (Alvarez, 1998). Occasional 
reports also described the direct consumption of some species by humans or domestic animals 
in Europe (Tudorancea, 1972). Although overexploitation of freshwater mussels may be 
responsible for significant local declines, it can be excluded as a major explanation for the 
overall declines at the European scale.   
 
(c) Pollution and eutrophication.  
Pollution can affect freshwater mussel populations in various ways (Bogan, 1993; Strayer et 
al., 2004), including toxic spills from industry or mining (e.g., heavy metals or other chemicals, 
as well as airborne acidification), nutrient and fine sediment introduction, from agricultural and 
forest land-use, as well as urban point and non-point sources such as increased loads of salt. 
Mechanistically, the different contaminants and sources of pollution affect different stages of 
the mussel life cycle. In general, free glochidia larvae are considered more vulnerable to 
contaminants than glochidia attached to fish, or juvenile mussels and adults (Taskinen et al., 
2011). For instance, increased loads of road de-icing salt have been shown to reduce the 
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attachment success of A. anatina glochidia larvae to their host fishes (Beggel & Geist, 2015), 
with peak concentrations of salt application typically coinciding with the glochidial release in 
this species. Heavy metals such as Cu (e.g., used in fungicides) and Cd (typically from 
industrial pollution) can affect the calcification and shell formation, with toxicity increasing at 
low pH values (e.g., Pynnönen, 1995). The direct and indirect effects of acidification from 
airborne pollution have been particularly problematic in poorly buffered areas of Fennoscandia, 
with liming activities used to mitigate these effects on Swedish Margaritifera margaritifera 
populations (Degerman et al., 2009). In addition to the effects of salt, heavy metals and 
acidification, pesticides and other pollutants of emerging concern (e.g., pharmaceutical 
compounds, dioxins, brominated flame retardants) can have acute and chronic effects that 
potentially affect reproduction and survival of freshwater mussels (Augspurger et al., 2007; 
Connon, Geist & Werner, 2012). The number of studies specifically addressing the effects of 
these compounds on European freshwater mussels is currently too little for a sound 
assessment of their importance (Strayer & Malcom, 2012).  
 In terms of diffuse pollution, the introduction of nutrients and fine sediment from land-
use is considered the major threat for freshwater mussel populations, particularly for highly 
specialised species such as M. margaritifera (Denic & Geist, in press). In this species, the 
juveniles depend on a well-sorted stream bed with high exchange rates with the open water 
for about five years. Siltation and colmation of this habitat coinciding with eutrophication effects 
has been linked with recruitment failure in this species (Geist & Auerswald, 2007). Low redox 
potential in the stream bed can trigger the reduction of nitrate to toxic nitrite, and to ammonium 
which is in a pH-dependent equilibrium with toxic ammoniac. Eutrophication-associated 
reduction in dissolved oxygen can generally also induce hypoxic stress in unionoids, promoting 
the release of eggs and immature glochidia, which in turn also leads to a reduced reproductive 
success (Aldridge & McIvor, 2003).  
 
(d) Invasive species.  
In recent decades, many native species have declined or even disappeared due to human 
activities, but at the same time freshwater ecosystems have been subjected to numerous 
deliberate or accidental introductions of invasive species (Ricciardi, 2006). These introductions 
may impair the survival of native freshwater bivalves through several mechanisms. The major 
body of studies dealing with the interaction of freshwater bivalves and invasive species 
encompass the possible impact of invasive bivalves upon native bivalves. In Europe, the list 
of invasive bivalve species in freshwater ecosystems includes Corbicula fluminea (Müller 
1774), Corbicula fluminalis (Müller 1774), Dreissena bugensis (Andrusov 1897), Dreissena 
polymorpha (Pallas 1771), and Sinanodonta woodiana (Lea 1834). Possible impacts upon 
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native mussels include competition for resources and space, introduction of diseases, and 
fouling of the shell (for a recent review of these impacts see Sousa et al., 2014).  
 Fouling of European unionoid shells by invasive dreissenid bivalves has received 
attention since the 1930s (Sebestyén, 1937; Burlakova, Karatayev & Padilla, 2000). By 
attaching to their valves, D. polymorpha can make it more difficult for unionoids to burrow and 
move through sediment. Additionally, the added mass of Dreissena can weigh down unionoids, 
resulting in burial in soft sediments, increased drag and a greater likelihood of dislodgment by 
water motion. In some cases, D. polymorpha can prevent valve movement of the underlying 
unionoid, thus hampering filter feeding, respiration, and reproduction. Dreissenid fouling of 
unionoids can lead to a depletion of biomass and total energy stores, and can result in localised 
extirpations of unionoids (Strayer, 2009; Sousa, Pilotto & Aldridge, 2011).   
 The introduction of species from other taxonomic groups can also impair the survival 
of freshwater bivalves. In the Iberian Peninsula, A. cygnea populations are located on three 
small lakes in the north of Portugal, all of which are heavily invaded by the water hyacinth 
(Eichhornia crassipes (Mart.) Solms)). When this invasive plant undergoes mass mortality at 
the end of the summer, this results in the accumulation of dead organic matter and consequent 
reduction in redox potential and decrease in oxygen leading to high mortalities in A. cygnea 
(Lopes-Lima & Sousa, unpublished data). Other invasive plants (e.g., Myriophyllum aquaticum 
(Vell.) Verdc., Elodea canadensis Rich., and Elodea nuttallii (Planch.) H.St.John) in Europe 
may have similar effects on bivalves. In addition, given the relation between unionids and their 
hosts, the introduction of freshwater fishes may also be responsible for negative impacts. 
Douda et al. (2013) showed that invasive fish species have a lower suitability as a host of A. 
anatina than native species. This situation may have great impacts on native unionids since in 
recent decades European ecosystems have been subjected to the disappearance of native 
freshwater fish species, especially in areas with high freshwater fish endemism (e.g., Iberian 
Peninsula), and a huge increase in the number of potentially unsuitable invasive fish species 
(Hermoso et al., 2011). Host limitation is most likely to occur for species with restricted host 
fish spectra, such as M. margaritifera and M. auricularia, and it has already been verified for 
at least one freshwater mussel species in North America (Fritts et al., 2012). Nevertheless, it 
has been documented that even host-generalist European unionoids, such as U. crassus, can 
be linked with declines of their host fish species in certain areas (Douda, Horký & Bílý, 2012; 
Taeubert et al., 2012; Stoeckl, Taeubert & Geist, in press).  
 Introduction of bivalve predators such as crayfish, fishes, and mammals may also be 
responsible for declines in native species due to predation (Zahner-Meike & Hanson, 2001; 
Aldridge, 2004). In the case of the muskrat (Ondatra zibethicus Linnaeus 1776), local density 
declines of more than 80% of U. crassus in a very short period of time have been observed in 
Luxembourg, Germany and Switzerland (Vicentini & Pfändler, 2001). 
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(e) Water abstraction and climate change.  
Growing demands for water by agricultural, industrial and recreational activities, especially in 
southern European countries (e.g., Portugal, Spain, Italy and Greece), has already caused 
significant negative impacts on Mediterranean freshwater ecosystems with reported decline 
and loss of endemic freshwater biodiversity (Benejam et al., 2010). These impacts may be 
exacerbated by predicted future climatic change towards an increased inter-annual variability 
in precipitation and consequent effects in river flows (Millán, Estrela & Miró, 2005). In addition, 
extreme climatic events (e.g., droughts and floods) are predicted to become more frequent and 
intense in the future (Diez et al., 2012). In fact, some studies have already demonstrated their 
devastating effects (e.g., massive die-offs) on European freshwater mussels (Hastie et al., 
2001; Mouthon & Daufresne, 2006; Sousa et al., 2012; Bódis, Tóth & Sousa, 2014). Even 
minute temperature changes can strongly affect metamorphosis success and larval 
development in freshwater mussels (Taeubert, Gum & Geist, 2013; Taeubert, El-Nobi & Geist, 
2014), with likely consequences in nature (Sousa et al., 2013, in press).  Particularly affected 
may be freshwater mussel populations at the edges of their range, e.g., in the south of Europe, 
because of possible minor tolerance to increased temperatures and also to the low dispersal 
capacity to more favourable habitats located at higher latitude or altitude (Santos et al., 2015).  
 In many instances unionoid mussels are likely to be exposed to multiple stressors at 
the same time, which can place species at even greater risk. For example, Gallardo & Aldridge 
(2013) modelled the projected distribution across Europe of the Near Threatened unionid P. 
complanata and the invasive, biofouling D. polymorpha under 2050 future climatic scenarios. 
They found that while D. polymorpha may benefit strongly from climate changes (increase of 
15-20% in range size), P. complanata would experience considerable loss (14-36% shrinkage 
in range). Furthermore, the overlap of the two species was predicted to increase by up to 24%, 
meaning that P. complanata would be subject to increased risk of fouling with fewer refugia. 
 
(3) Conservation and management measures 
Conservation of European freshwater mussels is essential to maintain the ecosystem functions 
and services they provide. As a first step, information on current distribution and population 
size of each species is required in order to define priorities. Ideally, ecological, behavioural 
and genetic information should be incorporated at this stage (Geist & Kuehn, 2005; Geist, 
2010). Next, bottlenecks need to be identified, ideally being based on comparisons between 
functional (i.e. sustainably recruiting) and non-functional populations. The identification of 
bottlenecks needs to consider all stages of the life cycle, from the gravidity of adults, to the 
assessment of host fish populations, to the conditions in the post-parasitic phase. Even in co-
occurring mussel species, different factors may limit their successful recruitment. For instance, 
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whereas deficiencies in central European M. margaritifera recruitment can mostly be explained 
by adverse substratum conditions and excess amounts of fine sediment (Geist & Auerswald, 
2007), U. crassus populations seem to be more tolerant to these conditions (Denic et al., 2014) 
with the status of host fishes being usually described as the main driver of population declines 
(Douda, Horký & Bílý, 2012; Taeubert, Gum & Geist, 2012; Taeubert et al., 2012; Stoeckl, 
Taeubert & Geist, in press).  
 Direct threats to mussel habitats existing on a local scale need to be identified and 
considered in conservation planning. For example, inappropriate river maintenance practices 
substantially affect mussel distribution and population size in highly regulated river systems 
(e.g., A. anatina, A. cygnea; Aldridge, 2000). In terms of conservation management, a key 
aspect in avoiding such direct damage to the populations is to engage local people who 
frequently visit and observe the populations and their threats. In the case of Bavaria, Germany, 
a mussel coordination office was established that trains local stakeholders and that serves as 
a contact point in case of any observed disturbance of the most important mussel populations.
  
 Identifying the most important drainages and localities having genetically most diverse 
populations of the threatened mussel species, or the most valuable sites in terms of mussel 
species diversity, is another requirement to make conservation efforts effective. For example, 
the River Mustionjoki (Svartå) in southern Finland harbours all of the seven mussel species 
that occur in that country (Valovirta, 2005) and the River Wye hosts all six of the UK’s mussel 
species. Consequently, such sites need to become priority areas of mussel conservation at 
the national scale. On the other hand, conservation priority should be also given to regions 
that harbour species with a very small distribution range (e.g., U. gibbus in River Barbate basin) 
and to small isolated populations in biogeographically distinct regions, such as in the southern 
European peninsulas, which may harbour Evolutionary Significant Units (ESUs) or even cryptic 
taxa. Finally, regions that still harbour pristine conditions and with high densities of certain 
species, even if they are richness poor, should be also protected. Therefore, conservation 
plans should be aimed at multiple scales, striving to identify distinct populations or ESUs, 
populations threatened at the local scale, biodiversity hotspots and to promote river 
management in response to species needs. 
 Where populations are facing extinction, conservation can take two principal directions: 
the restoration of aquatic habitats including their catchments, or artificial culture and 
propagation. Ideally, the two approaches should be combined. Restoration of aquatic habitats, 
especially of substratum properties, can be extremely time-consuming and conflicting 
management goals may arise (Geist, 2011; Pander & Geist, 2013). Artificial propagation is 
likely to produce a much quicker output, particularly in species where the methodology is 
established (i.e. in Europe mostly in M. margaritifera; see Gum, Lange & Geist, 2011). On the 
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other hand, cultured mussels need to be released in suitable habitats and therefore this method 
can only be recommended if there are suitable candidate areas for release or if it is realistic 
that habitats can be restored. In any case, both positive and negative examples concerning 
the propagation and reintroduction of mussels need to be reported (ideally in peer-reviewed 
journals) in order to make future conservation efforts more effective. 
 To date, there have been 28 projects within the LIFE program (the European Union’s 
funding instrument for the environment) devoted to the restoration of freshwater mussel 
habitats, with a total funding of 64 million Euros. However, the funding distribution has been 
uneven with the majority being directed to the conservation of M. margaritifera (21) and U. 
crassus (8), with three of these projects targeting both species. Such Europe-wide and national 
scale conservation projects have presented variable levels of success. Whilst the production 
of juvenile mussels in larger quantities has become feasible (reviewed in Gum, Lange & Geist, 
2011), the number of successful habitat restorations remains extremely limited. One project 
on the Lutter River in northern Germany managed to restore recruitment of the freshwater 
pearl mussel M. margaritifera as well as other endangered species after reduction of fine 
sediment inputs and restoration of the entire catchment area (Geist, 2010). Another project at 
the Biała River (Poland) removed four dams, which increased fish migration and allowed for 
successful recolonization of U. crassus (Zajac et al., 2013). These two examples illustrate that 
restoration of freshwater mussel habitats is possible, but it also shows that substantial effort 
and time are needed to achieve success. 
 Since the successful recruitment of freshwater mussels is highly dependent on the 
availability of suitable host fish, the optimization of fisheries management in rivers with known 
mussel populations should also be part of conservation plans. For unionoid populations that 
are known or suspected to be limited by host availability, e.g., U. crassus (Douda, Horký & 
Bílý, 2012; Taeubert, Gum & Geist, 2012, Stoeckl, Taeubert & Geist, in press), the abundance 
of host fish species should be actively supported, even if they are considered to be of low 
economic value (Taeubert et al., 2012; Taeubert, Gum & Geist, 2012) and the near-natural 
composition and structure of fish communities should be the target of conservation efforts in 
priority sites (Douda, Horký & Bílý, 2012).  
 Despite of ongoing international discussion on freshwater mussel research, current 
conservation approaches are typically directed towards solving local problems. Whilst 
conservation actions necessarily need to work at the regional scale, it would be highly 
beneficial if strategic planning for conservation followed a more standardized international 
approach. This requires better standardization of the mapping of mussel distributions, density 
and recruitment status, as well as a conservation prioritization on a trans-national scale, which 
needs to include socio-economic arguments concerning the value of aquatic biodiversity (see 
also Geist, 2010, 2011). Only recently, a first effort was made to exemplarily integrate 
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knowledge from experts on M. margaritifera from all European countries to jointly develop a 
European CEN standard that can serve as a guideline and aid the conservation management 
of this species. Similar actions for all other 15 species, e.g., led by CEN or IUCN, would be 
very helpful. The strong rates of decline in European freshwater mussels and the increasing 
threats to them, along with the targets of NATURA 2000 and the European Water Framework 
directive, provide strong arguments for immediate action. This multi-author paper by 
freshwater mussel specialists from all over Europe indicates that there is a critical mass of 
experts that needs to be more strongly engaged in future conservation planning.  
 
V. CONCLUSIONS 
 
(1) Freshwater mussels are an important component of aquatic ecosystems and changes in 
their diversity and structure due to species loss or additions may have important repercussions 
in ecosystem functions and services. In Europe, the conservation status of the 16 presently 
accepted species is highly impaired and generally we know little of their fundamental ecological 
traits. In addition, a great difference in knowledge exists between distinct European regions 
(e.g.,  mussel populations in the UK and Germany have been well studied but almost no data 
are available for countries such as Albania, Macedonia, and Greece) and species (e.g., we 
know much about M. margaritifera but almost nothing about U. gibbus and M. bonelii). 
Therefore, in the future more studies have to be conducted in order to fill these gaps which 
may enhance our ability to apply effective management measures. 
 (2) As a first step, a systematic understanding of the limiting factors in the life cycle of 
every species is crucial, since even closely related species may have different habitat 
requirements. For species for which suitability of host fishes is unclear or unknown (e.g., U. 
gibbus and M. bonellii) or for which no detailed information concerning habitat preferences is 
available (e.g., U. tumidus and P. complanata), these factors must be investigated. In addition 
to the required knowledge of life history and habitat requirements of both the mussels and their 
fish hosts, a continuous update on taxonomy (including genetics) and distribution data 
considering ESUs and conservation units is required. Ideally, such data should be generated 
in a standardized cross-European approach instead of the currently practiced national 
conservation management. This could ultimately lead to priority setting among and within 
species on a European scale which would make conservation more effective.  
 (3) Despite dramatic declines and extinction risk existing for several European 
freshwater mussel species, there are reasons to be optimistic. For example, water quality has 
improved greatly in recent decades, allowing mussels to return to several rivers. Media 
coverage has also brought attention to the conservation status of this faunal group and so 
more people recognize these animals as an important conservation target. Finally, the number 
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of European scientists studying this faunal group has increased greatly in recent decades. As 
a result, more information about ecological aspects and new ways to conserve these species 
are available. Therefore, efforts to conserve native biodiversity on a larger scale can benefit 
from the formulation of a European action plan, or strategy, to consolidate the energies of 
academics, natural resource agencies, and the general public. 
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Chapter 5: Concluding Remarks and Future 
Research 
 
This study is the first to achieve a global and complete perspective of research and 
conservation status of freshwater bivalves in general, and of freshwater mussels in particular, 
and a more detailed view of the European taxa, from distribution ranges to conservation 
concerns. In line with the key objectives, it was possible to build baseline documents that will 
help researchers and conservationists to design and develop further studies and conservation 
actions.  
 
The goal of Manuscript-I was to elaborate a bibliographic research to synthesize the state of 
the art in several fields of Freshwater Bivalve research, and highlight their main discoveries 
and key publications. This was achieved using a combination of sources that included the ISI 
web of knowledge database, and an exhaustive bibliographic research on grey literature from 
other databases. It was clear to recognise that the global biodiversity of freshwater bivalves 
and their threatened status do not correspond to a proportional effort regarding research or 
conservation efforts, being the most developed North American and European countries 
among those with a much wider publication record. On the other hand, other areas with a high 
number of species such as the Southeast Asian countries still need a strong research increase 
due to the very low number of publications. Also, in the Southern hemisphere countries (with 
the exception of Australia and Brazil), research regarding freshwater bivalves is almost non-
existent. Global freshwater bivalve research had a slow and steady rate from the 19th century 
until the 1970s, and then accelerated with the emergence of environmental societal values, 
particularly for some research fields as conservation and ecology. In the taxonomy and 
systematics area, there have been a substantial increase in phylogenetic and taxonomy 
studies with the advent of new morphometric and molecular techniques. However, the 
phylogenetic relationships among the distinct freshwater bivalve groups and even within the 
major freshwater bivalve families are still poorly understood. This is mainly due to the fact that 
most studies fail in having a comprehensive number of molecular markers or adequate 
sampling coverage. Also, many of the basic physiological functions are still poorly known and 
many natural history traits such as maximum age, growth and age of maturity are still not 
known for most species, even in the more developed countries of North America and Europe. 
Although the ecology of freshwater bivalves has received a great impulse since the 1970s and 
1980s, substantial knowledge gaps still persist mainly at the population level. While the 
conservation planning and efforts of freshwater bivalves, and more specifically of freshwater 
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mussels, have been a case of success in the United States of America, in other countries there 
is still an urgent need to gather the necessary knowledge to effectively manage and conserve 
these animals. Additionally, most research is based on national schemes with limited utility for 
a holistic view and approaches for an appropriate conservation planning, and therefore not 
many of these studies have immediate or effective conservation efficacy.  
  
The goal of Manuscript-II was to provide an updated synthesis on the biology, ecology and 
threats of all Freshwater Mussel taxa in Europe as well as to suggest paths for future 
conservation and research. Although many research papers have been published over the last 
decades, many critical gaps on the knowledge about European Freshwater Mussels were 
identified that hamper effective conservation of European freshwater mussels. This manuscript 
also showed the importance of Freshwater bivalves in European aquatic ecosystems and their 
high endangered status. This study was successful in identifying the main taxonomic units 
using the latest knowledge available, and evoked the use of more molecular studies with a 
wide sampling effort in order to identify evolutionary units and management units that might be 
worthy of conservation attention. It also characterised the known distribution of all identified 
species of freshwater mussels, and highlighted the gaps in knowledge and survey efforts 
needed as well as some temporal changes in distribution range. The main biological features 
and habitat preferences of the species were also listed in this manuscript, which are crucial for 
effective conservation actions. The main threats to freshwater mussels were also identified for 
the several European regions and species. The threats are multiple and vary for the distinct 
regions and species, ranging from habitat loss, fragmentation and degradation, 
overexploitation for shells and pearls, water abstraction and climate change, to ecological 
interactions such as the loss of the necessary host fishes or the introduction of invasive 
species.  
 
Future Research 
This thesis summarise the present knowledge and highlights the urgent needs to conserve this 
faunistic group. It may be used as a basal tool for further conservation planning and fund 
raising as well as future research work. In this context, there are a number of research lines 
that need to be developed for filling key information gaps. 
 
General research gaps 
General research gaps were identified in Manuscript-I pointing out that, to the exception of 
some model species in Europe and North America, there is still a very wide gap concerning 
the knowledge on basic physiology and ecology of most species. Also, it pointed out the need 
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for developing more genetic markers with a wide sampling coverage in order to produce more 
knowledge about the phylogeny, phylogeography and genetic diversity of these taxa. Most 
studies and conservation projects are located on the Northern Hemisphere, which is not always 
coincident with the more biodiverse regions. Therefore, ecological, physiological and 
taxonomical studies are required for all freshwater bivalves of South America, Africa, South 
East Asia and Australia where most species are poorly known.  
 
Taxonomy, systematics and genetic structure 
Since legal policies protect species as conservation units, more taxonomical studies are 
needed, as highlighted in Manuscript-II. In fact, due to the high plasticity and convergence of 
most morphological traits, the diversity of cryptic taxa should be further investigated mainly in 
the regions where apparently glacial refuges had a crucial role on the diversification patterns 
of these taxa. Also the intraspecific genetic differentiation should be investigated in order to 
delineate management units that might help to prioritize conservation target populations and 
to manage genetic stocks for propagation programs. 
 
Life history traits 
The main life history traits are still unknown for many species, but for others the knowledge 
gathered in this thesis will facilitate conservation actions. In detail, the brooding and larvae 
discharge periods are of outmost importance to plan for eventual translocation or rehabilitation 
actions, as well as the knowledge about the host fish ranges is vital for conservation since 
management plans should include both mussel and host populations for these actions to be 
effective. Although some mussel species have wide distributions, the host fish ranges may be 
different in each region, as shown in Manuscript-II for Europe. 
 
Species distribution and demography 
In many European countries mainly in the Eastern and South-Eastern regions, species 
distribution data is scarce, and detailed surveys are needed for countries such as Greece, 
Turkey, Belarus, Ukraine and Russia. The future use of ecological niche or species distribution 
models would be useful tools to fill in the gaps between surveyed areas, plan for more efficient 
surveys, or develop conservation planning. With the exception of the studies on the species 
Margaritifera margaritifera, the demographic trends of species are practically unknown 
throughout Europe, and long-term monitoring programs are lacking to identify possible 
declines. 
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Threats 
As mentioned in Manuscript-II for the European region, there are multiple threats that affect 
these taxa and it is often difficult to point out the real causes of decline. Future studies with 
modelling techniques using species distribution or ecological niche models coupled with 
knowledge about the multiple threats on each basin should be useful to understand the effects 
of known stressors such as habitat degradation and invasive species. The control and 
eradication of harmful invasive species such as the muskrat, the zebra mussel and some 
crayfish species should also be included in management and conservation plans for native 
freshwater mussel populations since they have proved to be extremely harmful to these 
animals. 
 
Integrated research and policies 
The rapid transfer of knowledge from the researchers to the policy makers should also benefit 
from the integrated efforts of many European experts in the elaboration of Manuscript-II. The 
main European conservation policies such as the EU Habitats Directive and The Natura 2000 
Network is outdated since the 1980s. In fact, due to recent knowledge and declining events, 
the status of many species changed since then and these policies should be updated 
accordingly. For example, only two specimens were recorded in the last seven years for Unio 
gibbus, now considered the most endangered species in Europe. Still it is unprotected within 
the European Union, as it was only been described in 2009. This manuscript will be very helpful 
in the elaboration of a European conservation plan to consolidate the energies of academics, 
natural resource agencies, and the general public to address the policy makers for faster and 
more effective legal action. 
 
To conclude, the two manuscripts encompassed in the present thesis provide fundamental 
reference works to delineate future investments and efforts on freshwater bivalve research and 
conservation. 
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I. Genetic sequences and methodology for Manuscript-II 
 
Methods 
 
Specimens examined - Available sequences of all European freshwater mussel species from 
both mitochondrial DNA COI and 16S were downloaded from GenBank database (accession 
numbers are given in Table 2.1). Since some species were not available on GenBank, newly 
sequenced animals were included (Table 2.1). 
 
DNA extraction, amplification and sequencing - A small sample from the foot of newly collected 
mussels (also listed in Table 2.1) was collected in the field and placed directly into 99% ethanol. 
The whole genomic DNA was extracted from the tissue samples, using a standard high-salt 
protocol (Sambrook et al., 1989). Two fragments of approximately 700 bp of the COI and 500 
bp of the partial 16S were amplified by polymerase chain reaction (PCR) using the primers 
LCO22me2 and HCO700dy2 (Walker et al., 2006; 2007) for the COI and 16SL and 16SH 
(Palumbi et al., 2002) for the 16S. The PCR conditions (25 µl reactions) were as follows: each 
reaction contained 2.5 µl 10x Invitrogen PCR Buffer, 0.5 µl 10 mM of each primer, 1.5 µl 50 
mM MgCl2, 0.5 µl 10 mM dNTP’s, 0.1 µl Invitrogen Taq DNA Polymerase and 1 µl of DNA 
template (~ 100 ng per µl). The cycle parameters were: initial denaturation at 94ºC for 3 min, 
denaturation at 94ºC (30 s), annealing at 55ºC for COI or 49ºC for 16S (45 s) and extension at 
72ºC (45 s) repeated for 38 cycles, with a final extension at 72ºC for 5 min. Amplified DNA 
templates were sequenced by a commercial company (Macrogen). The new sequences 
obtained in this study were submitted to the GenBank (accession numbers are given in Table 
2.1). 
 
Analyses - Chromatograms were checked by eye using ChromasPro 1.41 
(technelysium.com.au). The sequences (16S and COI) were aligned with ClustalW, using 
Bioedit v. 5.0.9. (Hall, 1999) and then adjusted manually. Sequences of Neotrigonia 
margaritacea were included as outgroups (Table 2.1).  Following the methodology of Mason-
Gamer and Kellogg (1996) there was no significant topological differences between estimates 
of phylogenies based on the individual gene trees (i.e. COI and 16S), and thus the two genes 
were analysed in a combined approach. A total of 1160 bp (aligned) was obtained (608 for COI 
and 552 for 16s). Including the outgroup, a final alignment of 56840 bp mtDNA combined data 
set (COI + 16s) was then analysed using maximum likelihood (ML) and Bayesian inference 
(BI) methods. The best-fit model of nucleotide substitution evolution under corrected Akaike 
Information Criterion was estimated using JModel- Test 0.1.1 (Posada, 2008).Model 
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TPM2uf+I+G was chosen and used in the ML phylogenetic analyses. ML trees were built in 
PhyML (Guindon and Gascuel, 2003) with 1000 bootstrap replicates and searching for the 
best-scoring ML tree. Phylogenetic BI was performed on MrBayes version 3.1.2 (Ronquist, 
2003). Sequences were partitioned according to genes. Each partition was allowed 
independent parameters of sequence evolution under the model GTR + I + G. Analyses started 
with program generated trees, with four heated Markov chains with default incremental 
heating; two independent runs 1.5×107 generations long were sampled at intervals of 500 
generations producing a total of 30000 trees. Burnin was determined upon convergence of log 
likelihood and parameter estimation values using Tracer 1.5 (Rambaut and Drummond, 2007).  
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Table S1. List of samples examined, species, collection sites and GenBank accession codes. 
Code Species COI 16S 
NM Neotrigonia margaritacea U56850a DQ280034b 
MA1 Margaritifera auricularia AY579125c AY579083c 
MA2 Margaritifera auricularia AF303315d AF303280d 
MA3 Margaritifera auricularia AF303314d AF303279d 
MMD Margaritifera margaritifera durrovensis AF303347d AF303306d 
MM1 Margaritifera margaritifera AF303338d AF303298d 
MM2 Margaritifera margaritifera DQ060171e DQ060167e 
AA1 Anodonta anatina KC583446f f 
AA2 Anodonta anatina KC583489g g 
AA3 Anodonta anatina KC583473 g g 
AC1 Anodonta cygnea DQ060170e DQ060164e 
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References: 
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AC2 Anodonta cygnea JQ253886h JQ253862h 
AC3 Anodonta cygnea KC583513g g 
PC1 Pseudanodonta complanata KC703966i KC703619i 
PC2 Pseudanodonta complanata JQ253889h JQ253865h 
PC3 Pseudanodonta complanata JQ253891h JQ253867h 
UC1 Unio crassus DQ060174e DQ060162e 
UC2 Unio crassus courtillieri JX046553j KC703351i 
UC3 Unio crassus crassus KC703892i KC703406i 
UTF1 Unio tumidiformis EF571407l EF571339l 
UTF2 Unio tumidiformis EF571409l EF571341l 
UTF3 Unio tumidiformis EF571411l EF571343l 
UM1 Unio mancus requienii JX046555j KC703354i 
UM2 Unio mancus turtonii JX046556j KC703355i 
UM3 Unio mancus mancus JX046568j KC703368i 
UP1 Unio pictorum JQ253874h JQ253850h 
UP2 Unio pictorum JX046566j KC703366i 
UP3 Unio pictorum JX046582j KC703413i 
UD1 Unio delphinus EF571413l EF571345l 
UD2 Unio delphinus EF571439l EF571383l 
UD3 Unio delphinus EF571421l EF571355l 
UE1 Unio elongatulus JX046578j KC703399j 
UE2 Unio elongatulus JX046579j KC703400i 
UE3 Unio elongatulus JX046580j KC703401i 
UR1 Unio ravoisieri GU070955m GU071003m 
UR2 Unio ravoisieri GU070961m GU071009m 
UR3 Unio ravoisieri GU070962m GU071010m 
UT1 Unio tumidus DQ060176e DQ060161e 
UT2 Unio tumidus JX046560j KC703359i 
UT3 Unio tumidus JQ253872h JQ253848h 
UG1 Unio gibbus GU070980m GU071028m 
UG2 Unio gibbus GU070984m GU071032m 
UG3 Unio gibbus GU070983m GU071031m 
PL1 Potomida littoralis g g 
PL2 Potomida littoralis g g 
PL3 Potomida littoralis g g 
MB1 Microcondylaea bonellii g g 
MB2 Microcondylaea bonellii g g 
MB3 Microcondylaea bonellii g g 
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